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(54) OPTIMIZATION OF ILLUMINATION FOR SPECIFIC MASK PATTERN 

(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a method and device for optimizing an 
illumination profile for a pattern of selected patterning means. 
SOLUTION: The method and device for microlithography includes optimizing 
illumination modes, based on the features of a specific mask pattern. The 



illumination is optimized by determining an appropriate illumination mode, based 
on the diffraction order of a reticle and the autocorrelation of a projection 
optics. By eliminating the part of the illumination pattern which has no influence 
on modulation, excess DC light can be reduced, thereby improving the depth of 
focus. Optimization of the mask pattern includes addition of sub-resolution 
features, to reduce pitches and truncate the probability density function of a 
space width. 
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* NOTICES * 

JPO and INPIT are not responsible for any 
damages caused by the use of this translation. 

1 This document has been translated by computer. So the translation may not reflect the original precisely. 
2.**** shows the word which can not be translated. 
3.1n the drawings, any words are not translated. 



CLAIMS 



[Claim(s)] 

[Claim 1]A step which specifies a mutual transmission coefficient function for an optical system which is the method of optimizing the 
Lighting Sub-Division profile for a pattern of a selected patterning means, and contains a pattern of lighting system and said selected 
patterning means; to said selected pattern. A step which is based and searches for relative relevance over image formation of a 
diffraction order; Illumination shape optimized from said mutual transmission coefficient is computed, A step which performs a 
weighting to a field of said illumination shape based on said relative relevance over image formation of said diffraction order, and a 
method of optimizing the Lighting Sub-Division profile provided with;. 

[Claim 2]A method indicated to Claim 1 which a step which searches for relative relevance over image formation of said diffraction 
order equips with a step which asks for a characteristic pitch of said selected mask pattern further. 

[Claim 3]Before asking for said characteristic pitch, it has a step which identifies a critical field of said selected pattern, A method 
indicated to Claim 2 to which asking for said characteristic pitch of said selected pattern is performed by asking for said 
characteristic pitch of said critical field. 

[Claim 4]A step which identifies said critical field, What asking for said characteristic pitch of said critical field compares for a pitch of 
each critical region of which idiscernment was done including identifying two or more critical fields; When a pitch of each of said 
identified critical region is almost equal, A method indicated to Claim 3 containing judging that said characteristic pitch of said critical 
region is equal to said one characteristic pitch among said identified fields, and;. 

[Claim 5]A method indicated in any 1 clause from Claim 1 which includes performing a weighting to a field of said lighting-system form 
based on selected optimization metrics chosen from the depth of focus, a line end, a picture log inclination (ILS), a picture inclination 
(IS), and a group that comprises aberration sensitivity to 4. 

[Claim 6]A step which asks for each pitch of a critical region which carried out the; aforementioned discernment with a step which 
identifies two or more critical regions; Optimization illumination shape is computed from said mutual transmission coefficient function, 
A method indicated to a step which performs a weighting for an order based on relevance over image formation of a diffraction order 
for every critical region, Claim 1 further provided with;, or 2. 

[Claim 7]A method indicated in any 1 clause from Claim 1 to 6 further provided with a step which changes said selected pattern by 
reducing the total number of a different pitch in said mask pattern by an optical contiguity amendment technique. 
[Claim 8]A method indicated to Claim 7 including that a step which changes said selected pattern by said optical contiguity 
amendment technique adds a feature of subresolution to said selected mask pattern further. 

[Claim 9]A method indicated to Claim 7 which repeats a step which computes a step and optimization illumination shape which change 
said selected pattern. 

[Claim 10]It is a computer program for optimizing the Lighting Sub-Division profile, A computer program provided with a program code 
meaning ordering said computer systems to perform said step of a method of any 1 clause of Claims 1 -9, when it performs on 
computer systems. 

[Claim 1 1]A step which supplies a substrate which is a device manufacturing method and was selectively covered with a layer of 
quality of :(a) radiation sense object at least; 

(b) A step which supplies a projection beam of radiation using a lighting system; 

(c) A step which gives a pattern to a section of said projection beam using a patterning means; 

(d) A step which projects said patterned radiation beam on a target part of said radiation perception material layer, 

A device manufacturing method fitted to said pattern which uses section intensity distribution in said projection beam generated in a 
step (b) in a step (c) before a step (d) using a preparation and a method by any 1 clause of Claims 1-9. 

[Claim 1 2]It is a lithography projection apparatus and is the supporting structure for supporting a lighting system and; patterning 
means for supplying a projection beam of xadiation, . Function as said patterning means patterning said projection beam according to 
a desired pattern. A board table for holding the supporting structure and; board; Have a projection system for projecting said 
patterned beam on a target part of said substrate, and;, and said equipment, : — a mutual transmission coefficient function of said 
lighting system and said patterning means, [ specify and ] Based on said pattern generated by said patterning means, relative 
relevance over image formation of a diffraction order is searched for, . Compute illumination shape optimized from said mutual 
transmission coefficient function, and perform a weighting to a field of said illumination shape based on said relative relevance over 
image formation of said diffraction order. A calculating means; a lithography projection apparatus provided with a selecting means for 
choosing section intensity distribution in said projection beam ejected from said lighting system according to said illumination shape 
computed by said calculating means, and;. 

[Claim 13]Selected mask designing, it is the method of optimizing — : — identifying a critical feature of said selected mask designing, 
and; — asking for the Lighting Sub-Division profile optimized based on a diffraction order of said critical feature, and; — a pitch 
number which exists in said selected mask feature. How to optimize changing said selected mask designing by using an optical 
contiguity amendment technique chosen so that it might reduce, and selected mask designing provided with;. 
[Claim 1 4] A method by which said optical contiguity amendment added a feature of subresolution further chosen so that a 
continuation frequency function of spatial width of said selected mask designing might be changed, and said changed frequency 
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function was indicated to Claim 1 1 including making it have many closes. 

[Claim 15]A method indicated to Claim 13 which a step which asks for said optimized Lighting Sub-Division profile equips with said 
step of a method of any 1 clause of Claims 1-9, or 14. 

[Claim 16]It is a computer program for optimizing selected mask designing, A computer program provided with a program code 
meaning ordering said computer to perform a method of any 1 clause of Claims 13-15, when it performs on a computer. 



[Translation done.] 
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DETAILED DESCRIPTION 



[Detailed Description of the Invention] 
[0001] 

[Field of the Invention]Generally this invention relates to the method and equipment for a micro lithography method of image. If 
specified, this invention relates to the equipment and the method for optimizing the form of Lighting Sub-Division according to the 
specific pattern which is carrying out image formation. 
[0002] 

[Description of the Prior Art]Optical lithography is used now in manufacture of the product of other detailed features, such as an 
integrated circuit and a programmable gate array. In the most general explanation, a lithography device contains the lighting system 
which supplies the projection beam of radiation, the supporting structure holding a patterning means, the board table which supports a 
substrate, and the projection system (lens) for carrying out image formation of the patterned beam on the target part of a substrate. 
[0003]The term of a patterning means shall be widely interpreted as what points out usable equipment and structure, in order to give 
the patterned section to the radiation beam which carries out ingress corresponding to the pattern generated by the target part of a 
substrate. The term of a "light valve" is also used in this context. Generally, a pattern corresponds to the specific stratum 
functionale in elements currently generated to the target part, such as an integrated circuit or other elements. 
[0004]An example of this mechanism is a mask and this is usually held with a mask table (movable). The concept of a mask is well- 
known in lithography, and this includes mask types, such as a binary, a police box phase shift, an attenuation phase shift, and various 
hybrid mask types. If this mask is arranged in a projection beam, the radiation which enters into a mask will be selectively penetrated 
or (in the case of a transmission type mask) reflected according to the pattern on a mask (in the case of a reflection type mask). The 
mask table can hold a mask certainty in the position of the request in the entering projection beam, and further, in being a request it 
also becomes certainly possible to move a mask to a beam. 

[0005]Another example of this mechanism is a matrix address possible side including a viscoelasticity control layer and a reflector. As 
for the fundamental principle which is behind this equipment, the field where the address of the reflector (for example) was carried 
out reflects incident light as the diffracted light 

It is that the field by which an address is not carried out reflects incident light as the non-diffracted light on the other hand. 
Using a suitable filter, said non-diffracted light can be removed from a reflective beam, and it can leave only the diffracted light Thus, 
a beam is patterned according to the addressing pattern of a matrix address possible side. According to the alternative embodiment 
of a programmable mirror array, the small mirror arranged to the matrix is used. Each mirror can be leaned focusing on an axis, 
respectively by impressing a suitable local electric field or using a piezo-electric operating means. Also in this case, a matrix address 
is possible for a mirror and an ingress radiation beam is reflected in the direction in which the mirror by which the address was 
carried out differs from the mirror by which an address is not carried out. Thus, a reflective beam is patterned according to the 
addressing pattern of a matrix address possible mirror. Required matrix addressing can be performed using a suitable electronic 
means. In the both sides of an above-mentioned situation, a patterning means shall comprise one or more programmable mirror 
arrays. Furthermore it is related with the mirror array referred to here, detailed information can be acquired from US,5,296,891,B, No. 
5,523,193, the PCT patent application WO 98/No. 38597, and WO 98/No. 33096, for example. These shall be contained also in an 
application concerned by citation, in the case of a programmable mirror array, embodying said supporting structure as a frame or a 
table, for example, accepting necessity — immobilization — or suppose that it is movable. 

[0006]Another example is a programmable LCD array. In this case, the supporting structure can be too used as a frame or a table. An 
example of this structure is given to US,5,229,872,B. This shall also be contained also in an application concerned by citation. 
[0007]For simplification, the example accompanied by a mask may be specified and treated in the portion after this document in some 
parts. However, he shall understand the general principle discussed in this example in the still larger context of an above-mentioned 
patterning means. 

[0008]The term of a projection system includes a projection system various type. In an amateurs understanding, although a "lens" 
usually means a dioptric system, this term is used in a broad sense here so that a catoptric system and a catadioptric system may be 
included, for example. A lighting system may contain the element which operates according to either of these principles, in order to 
orient a projection beam, and to operate orthopedically or to control, below it may also summarize this element, or may be 
independently called a "lens." 

[0009]In addition, the term of a "wafer table" can be used-without showing tacitly that the substrate which receives a picture is a 
silicon wafer, and can show a suitable stage to support all the substrates processed by the lithography device. 
[001 0]A lithography projection apparatus can be used in manufacture of an integrated circuit (IC), for example. In this case, the 
patterning means can generate the circuit pattern corresponding to each layer of IC, and can carry out image formation of this 
pattern on the portion (one or more dies are comprised) of the object on the substrate (silicon wafer) covered with the layer of the 
quality of a radiation sense object (resist). Generally, a single wafer contains the network which comprises the acjjoining target part 
which was continuously irradiated with one at a time at once by the projection system. In the present equipment using patterning with 
the mask on a mask table, the machine of two different types is distinguishable. In the lithography projection apparatus of one type, 
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when irradiating with each set elephant portion, the whole mask pattern is exposed on a target part by once. Generally this equipment 
is called a wafer stepper. In the equipment of another side generally called step and scan equipment, when irradiating with each set 
elephant portion, the mask pattern under a projection beam is gradually scanned to a given reference direction (the "scanning" 
direction), and a board table is scanned to parallel or non parallel to this direction synchronizing with this. Generally, since a projection 
system has a certain magnification M (generally <1), the speed V which scans a board table applies the speed which scans a mask 
table for the magnification M. Furthermore it is related with the lithography device described here, detailed information can be 
acquired from US,6,046,792,B, for example. This patent shall be included also in an application concerned by citation. 
[001 1]In the manufacturing process using a lithography projection apparatus, image formation of the pattern (for example, inside of a 
mask) is carried out on the substrate selectively covered with the layer of the quality of a radiation sense object (resist) at least. In 
advance of this image formation step, various procedures, such as priming, resist covering, and soft bake, may be given to a substrate. 
Other procedures, such as after-exposure bake (PEB), development postbake, and measurement/inspection of a feature that carried 
out image formation, may be given to a substrate after exposure. The arrangement of this procedure is used as the foundation for 
patterning each layer of an element like IC, for example. This patterned layer may rank second and may pass through various 
processes, such as etching, an ion implantation (doping), metallization, oxidation, and chemical machinery polish. It is for these all 
completing each layer. When some layers are required, it is necessary to repeat the whole procedure or its modification for a new 
each layer. Eventually, the array of an element will exist on a substrate (wafer). These elements rank second, are mutually separated 
by techniques, such as dicing or sawing, and can carry each element on the carrier connected to the pin etc. from there. Furthermore 
it is related with this process, detailed information, for example Peter van Zant, McGraw Hill PublishingCo. 1997, The books of ISBN 
0-07-067250-4 "Microchip Fabrication: A Practical Guideto Semiconductor Processing ( manufacture of a microchip:.) It can obtain 
from the 3rd edition of the practical guidance for a semiconductor process." This document shall be contained also in an application 
concerned by citation. 

[001 2]For simplification, a projection system may be henceforth called a "lens." However, this term shall be widely interpreted as 
what includes dioptrics parts, a reflected-light faculty article, and a projection system various type [ including a catadioptric system ], 
for example. The radiation system can include the component which operates according to these design types of either, in order to 
orient the projection beam of radiation, and to operate orthopedically or to control, below it may summarize this component, or may 
call it a "lens" independently. A lithography device may be a thing of a type which has two or more board tables (and/or, two or more 
mask tables). It is also possible to use other one or more tables for exposure, performing a preparation step on one or more tables in 
this equipment of "being a stage in large numbers" using the table of a parallel addition. The lithography device of two stages is 
indicated to US,5,969,441,B and WO 98/No. 40791, for example. These shall be contained also in an application concerned by citation. 
[0013]The number of control parameters has increased further now as the lighting system develops so that annular, a quadrupole, and 
the form of still more complicated Lighting Sub-Division may be generated from the conventional thing. The only adjustment which 
illuminates a circular area including an optic axis in the conventional illumination pattern, and is added to this pattern is changing a 
circumradius (sigma r ). Annular Lighting Sub-Division needs to specify an inradius (sigma c ), in order to specify the ring illuminated. A 
controllable number of parameters continues increasing in a multipolar pattern. For example/the illumination shape of a quadrupole 
prescribes the angle defined by each pole between the inradius and circumradius which the angle alpha of the pole other than two 
radii chose. 

[0014]Simultaneously, mask technology is also progressing. The binary intensity mask has replaced with the advanced mask of a 
phase shift mask and others. Although a binary mask sends out, reflects or prevents image formation radiation only in a given point, 
the phase shift mask can attenuate a part of radiation, or after it performs a phase shift, it can send out reflect light, or can perform 
the both sides. The phase shift mask is used in order to carry out image formation of the wavelength of image formation radiation, or 
the feature of an order smaller than this. The diffraction effect in such resolution is because there is a possibility of causing the error 
of insufficient contrast and a line end especially also in various problems. 

[001 5]The feature of resolution, the depth of focus, contrast, and other printing pictures is improvable using illumination shape various 
type. However, each Lighting Sub-Division type is accompanied by a certain trade-off. For example, an improvement of contrast can 
be obtained at the sacrifice of the depth of focus. The mask of each type has the performance also depending on the pattern by 
which image formation is carried out. 

[0016]ln order to choose conventionally the optimal illumination mode that carries out image formation of the given pattern on a 
wafer, it was casual, and a series of test wafers were exposed, and were compared. As mentioned above, in the latest lighting system, 
the number of operational variables is increasing increasingly. The cost of optimization of the illumination shape by trial and error 
becomes very large, and the quantitive method of choosing illumination shape is needed as various rearrangement of variable setting 
increases. 

[0017]The necessity checked previously and in order to cope with it in addition to this, this invention provides the method of 
optimizing the Lighting Sub-Division profile for the pattern of the selected patterning means. This method lighting system. And the 
step which specifies the mutual transmission coefficient function for the optical system containing the pattern of the selected 
patterning means; The step which searches for the relative relevance over the image formation of a diffraction order based on the 
selected pattern, and the illumination shape optimized from; mutual transmission coefficient function are computed, It has the step 
and; which perform a weighting to the field of illumination shape based on the relative relevance over the image formation of a 
diffraction order. 

[001 8] According to another mode of this invention, a device manufacturing method is provided. Step which supplies the substrate by 
which this method was selectively covered at least in the layer of the quality of :(a) radiation sense object; 

(b) Step which supplies the projection beam of radiation using a lighting system; 

(c) Step which gives a pattern to the section of a projection beam using a patterning means; 

(d) Step which projects the radiation beam patterned on the target part of a radiation perception material layer; 

The section intensity distribution in the projection beam generated in the step (b) before the step (d) is fitted to the pattern used in a 
step (c) using a preparation and the above-mentioned method. 

[001 9] According to another mode of this invention, a lithography projection apparatus is provided. This method is the supporting 
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structure for supporting the lighting system and; patterning means for supplying the projection beam of :radiation, . Function as this 
patterning means patterning a projection beam according to a desired pattern. Have a projection system for projecting the beam 
patterned on the board table for holding the supporting structure and; board, and the target part of; board, and;, and this equipment, : 
— the mutual transmission coefficient function of a lighting system and a desired pattern, [ specify and ] Based on the pattern 
generated by the patterning means, the relative relevance over the image formation of a diffraction order is searched for, . Compute 
the illumination shape optimized from the mutual transmission coefficient function, and perform a weighting to the field of illumination 
shape based on the relative relevance over the image formation of a diffraction order. It has a selecting means for choosing the 
section intensity distribution in the projection beam ejected from a lighting system according to the illumination shape computed by 
the calculating means and; calculating means, and;. 

[0020]According to another mode of this invention, the method of optimizing the selected mask designing is provided. This method : 
the critical feature of the selected mask designing. It identifies.; so that the pitch number which exists in asking [ for the Lighting 
Sub-Division profile optimized based on the diffraction order of a critical feature ]; and the selected mask feature may be reduced. It 
has changing-mask designing selected by using optical selected contiguity amendment technique;. 
[002l]This invention provides the computer program for performing a further above-mentioned method. 

[0022]In this Description, although especially the thing for which the equipment by this invention is used for manufacture of IC can be 
mentioned, it will be understood clearly that this equipment has many other possible uses. For example, this can be used for 
manufacture of the derivation for an integrated optics system and magnetic domain memories and detecting patterns, liquid crystal 
display panels, thin film magnetic heads, etc. A "reticle", [ in / on the situation of this alternative use, and / this document ] A person 
skilled in the art will be permitted what is regarded as a term "mask" with any more common use of the term of a "wafer" or a "die", 
a "substrate", and a thing replaced by an "object position", respectively. 

[0023]This invention is further explained below with reference to an illustration embodiment and attached Drawings. 
[0024] 

[Mode for carrying out the invention]This invention is taken into consideration about a lighting source and the details of a pattern, and 
includes carrying out the modeling of the image formation of a pattern (from a mask to a substrate top) mathematically first 
[0025]In order to compute an aerial image about a limited lighting source,. there are mainly two methods. These methods are Abbe's 
formulation and formulation of Hopkins. In Abbe's formulation, the source of each point in illumination shape generates the plane wave 
which enters on a pattern, and image formation of each of these point sources is carried out on a wafer. Since a point source is 
incoherency spatially, the sum total intensity in a wafer is the sum of the intensity generated by each of these point sources. 
Therefore, in Abbe's formulation, integration in illumination shape is performed, after finding the integral in a pattern. 
[0026]An order of integration is changed in formulation of Hopkins. That is, integration in a source is performed first. In formulation of 
Hopkins, a 4-dimensional mutual transmission coefficient (TCC) is specified, and inverse Fourier transform of TCC serves as intensity 
of a picture. Derivation of TCC is explained to Principles of Optics (principle of optics) of Born and Wolf, the 6th edition, and 528 
thru/or 532 pages, for example. This shall be contained also in an application concerned by citation. 

[0027]TCC is the autocorrelation of the projection pupil which carried out multiplication with the Lighting Sub-Division pupil. TCC is 
shown in drawing 1 as a set of three overlapping circles. When it explains to the right from the left, the 1 st circle expresses Lighting 
Sub-Division pupil J s (alpha, beta), and alpha and beta are coordinates of illumination shape here. For next calculation, the radius of 
J s can be set as the greatest circumradius sigma r possible to the lithography device used for image formation, for example. In order 
to study implementability, and in order to clarify the advantage of still bigger sigma r , it is also possible to set sigma r or more to 1.0. 
[0028]A central circle expresses the projection pupil K consisting mainly of (-m lambda/P x NA and -n lambda/P y NA) (alpha, beta). 
Since the coordinate system is normalized by the factor of lambda/NA, the radius of K is 1.0. Although a right-hand side circle 
expresses a projection pupil similarly, this centers on (p lambda/P x NA and q lambda/P y NA). In these last two formulas, m, n, p, and q 
are equivalent to a separate diffraction order, and it becomes clear that TCC(s) are the above 4-dimensional (4-D) formulas. The 
diffraction order of a x direction is expressed by m and p, and the diffraction order of a y direction is expressed by n and q. Although 
x and a y-coordinate are used for this explanation, he changes a coordinate system appropriately by the following formulas, and an 
usable thing will be understood by the person skilled in the art in an alternative coordinate system. 

[0029]TCC about a point (m, n, p, q) with separate 4-D is the integration of the field which attached the shade with which all the 
three circles overlap. Since it is assumed that structure is periodic, the Fourier transform of a pattern is discrete and TCC is 
discrete. In a continuous pattern image, a pitch can be lengthened until an adjoining feature stops affecting the Fourier transform of 
an object pattern. TCC of drawing 1 is mathematically expressed in writing by the formula 1. 

SKI) 



[0030]By specifying both the diffraction order coefficient (DOCC), TCC is extensible so that the effect of a pattern may be included. 
DOCC is specified at a ceremony 2. This is obtained by carrying out the multiplication of the Fourier conversion factor of a pattern to 
TCC. 

DOCC(rn,n> Pi q)=T{m t ny{-p t -q)rCC(m,n,p.<l) ^ ( 2 ^ 

[0031]The radiant intensity in a wafer is computable by inverse Fourier transform of DOCC, as shown in the formula 3. 

'(*•>>- ezis /frH^-Wc („.„.,.,) 3 



[0032]Since a projection optical system acts as a low-pass filter selectively and a diffraction order decreases by this, in the 
computed image strength, an important diffraction order is only a decimal. As a result TCC is a band limiting function. The greatest 
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required order of x and y is computable according to the formulas 4 and 5, respectively. In each case, the order of negative and 
positive both sides is required. For example, m ranges from negative m max to positive m max (~ni max <=m<=+m max ). Since the order of 
negative and positive both sides is required, the size of TCC is 2q max +1 to hang, which is hung 2n max +1 and which is hung 2p max +1 2 
m max +1 . However, since the zone is limited, happiness and TCC need to calculate no pattern diffraction orders. The same with setting 
to TCC, it is pattern diffraction order m max <=m<=+m max Accepted and only order n max <=n<=+n max is required in a y direction in a x 
direction. 
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[0033]If the formulas 1 and 2 are substituted for the formula 3, the formula 6 about the radiant intensity in a wafer will be obtained. 
As shown in the formula 7, it can ask for the portion of the Lighting Sub-Division pupil which affects image formation most by 
changing an order of integration, i.e., use not formulation of Hopkins but Abbes formulation. It comments on each of the formulas 6 
and 7 amounting to two lines. 
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[0034]Since alpha and beta express the coordinates of the Lighting Sub-Division pupil, new function J opt can be specified. New 
function J opt shows which portion (alpha, beta) of illumination shape is used to the given diffraction order (m, n. p, q), and is 
expressed in writing by the formula 8. Image strength is computable in totaling all the six variables (m. h, p, q, alpha, beta), as the 
multiplication of the reverse Fourier coefficient (e' kx ) is carried out to this and it is shown in the formula 9 from the formula 8. 
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[0035]Although it will become clear, J opt is a 6-dimensional function, therefore it is difficult to apply this to illumination shape. In 
order to ask best for which portion of illumination shape is important for image formation, it is desirable to remove some among six 
variables. 
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[0036]It asks for the aerial image intensity I (x, y) by taking inverse transformation about m+p and n+q. When it is m+p=n+q=0, aerial 
image intensity is not modulated. Since one of the targets of the Lighting Sub-Division optimization is removing the portion of the 
illumination shape which does not almost have the influence which it has on abnormal conditions, or is not, it can remove the portion 
of the illumination shape used as m+p=n+q=0. In order to remove these portions and to visualize the portion of important illumination 
shape further for image formation, by conversion of a variable, two of the variables of a 6-dimensional J opt function (4 diffraction 
orders) are removed, and it is changed into four dimension functions (2 diffraction orders). These four dimension functions are called 
J opt _2Q. The formula 1 2 can be obtained by substituting for the formula 9 about the formulas 1 0 and 11 I (x, y). 
7] = m + p=> p = rf-m 5£(1 0) 



5£(1 1) 



[0037]ln the formula 1 2, after J op t-2D changes a variable according to the formulas 1 0 and 1 1 , it can be regarded as the sum of J opt 
about m and n. It can express with substituting the formula 8 for the formula 12 so that in the formula 13 for J op t-2D- and can wr ' te 
as a function of J 0 pt-2D so tnat ' n tne formula 1 4 for the intensity I (x, y). 

'"=-/» mix ""-Anux 



P X NA 



P y NA 



{ w *P S NA H l " f P y NA J 



4) 



[0038]Function J op t-2D shows the portion of important illumination shape for every diffraction order, when a value is calculated. Since 
the weighting of the J op t-2D is carried out by each diffraction order T (m, n), the influence which exerts a large diffraction order on an 
aerial image becomes large. 

[0039]The starting point for the optimal illumination shape can be indicated to be J tot about a specific pattern, and as shown in the 
formula 1 5, this totals J opt -2D aD0Ut eta and xi « and is ca,,ed for bv subtracting J op t-2D ( a >pha, beta, eta= 0, xi= 0). In the case of eta= 
0 and xi= 0, an aerial image is not modulated but a J op t-2D ( a| P" a . beta, eta= 0, xi= 0) ingredient expresses the order or DC light of 
zero with the formula 1 5. The whole quantity of DC light increases with the point in Lighting Sub-Division which is not contributed to 
image formation. Since DC light which increased does not cause abnormal conditions, this is not very useful and there is a possibility 
that the depth of focus may become shallow as a result, further. 

[0040]For this reason, the illumination shape by J tot stops the quantity of DC light to the minimum, and a process window improves it 
as a result. It can be shown using formula J tot whether which portion of a lighting system of importance is high for image formation 
(or is importance low?). 



iC(l 5) 



[0041]Since illumination shape and a pattern are combined, if optical contiguity amendment (OPC) is changed, a diffraction order will 
be affected, therefore J tot will be affected. Although it will be understood by the person skilled in the art as a result, a change to 
initial illumination shape J tot and a pattern must be made several times using a repetition of processing with an OPC engine and the 
Lighting Sub-Division engine. It is necessary to adjust a pattern and illumination shape also so that specific image formation standards 
(sensitivity to the depth of focus (DOF), a line end (EOL), and aberration, etc.) may be optimized, and optimization software can 
perform this. However, since not an OPC feature but the pattern as the whole has influence of the greatest on the optimal 
illumination shape, J tot is the optimal initial illumination shape. 
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It will converge most quickly for optimization of the repetition about illumination shape and a pattern. 

[0042]The gray-scale illumination shape which has a continuous intensity value of the range of 0 thru/or 1 can express initial 
illumination shape J tot . This gray-scale illumination shape is generable by using the quartz plate which performed the chrome plating 
which performed a diffraction optical element (DOE) or dithering. Gray-scale illumination shape is not possible, or, in the case which is 
not preferred, only 0 and 1 can be forced into a lighting-system profile by applying a threshold value to a gray scale. In this case, the 
value exceeding a threshold value is revalued to 1, and the value of less than a threshold value is omitted to 0. It is being able to 
apply arbitrary threshold values or simulating a process window, or the optimal threshold value can be found out by repeating a pilot 
run. 

[0043]Example 1: the technique for computing J tot outlined previously was applied to the brick-wall separation pattern. A 150-nm 

pattern was reduced to 130 nm and a 110-nm design basis, and the numerical aperture (NA) carried out image formation with the 

step and scan lithography system of 0.8. The separation pattern of a 1 30-nm design basis is shown in drawing 2 . 

[0044]The size of the diffraction order of this mask feature is shown in drawing 3 . In drawing 3 , the greatest order is an order (0, 0) or 

DC background light. The order which contributed to image formation most is an order (**2, 0). 

The brick of the lengthwise direction in a brick-wall pattern is expressed. 

Other important orders are (**1, express a clear field and specify the end of a separation pattern.. An order higher than this is 
useful to specify two-dimensional structures, such as an end of each line. Since the diffraction pattern is not constant the weighting 
factor in DOCC changed with orders, and this has suggested that a mask pattern affects the method of Lighting Sub-Division. 
[0045]J opt _2D can be computed by the ability to substitute the diffraction order coefficient T in drawing 3 (m, n) for the formula 13. 
This is shown in drawing 4 . As drawing 4 shows, the greatest contribution to J op t-2D is an order ( eta= °- xi= W- (°» °) An order does 
not contribute to image formation but makes DOF shallow. As shown in the formula 15, this (0, 0) order can be subtracted from sum 
total Lighting Sub-Division J tot . (0, 0) If an order is not taken into consideration, the greatest contribution is a diffraction (eta= **2, 
xi= 0) order, and this expresses formation of the separating line along a x direction. It is large and another ingredient which specifies 
the end of a separating line is a diffraction (eta= **1, xi= **1) order. (0, **2) Although a diffraction order is slightly small, a larger 
order than this is combined in eta= 0 of a lens, and the field of xi= 2 [ **]. These fields are useful to specify a line end. The technique 
of DOCC is an effective method in order to show how the Lighting Sub-Division pupil is sampled in order to improve image formation, 
and to understand the image formation of a brick-wall separation pattern. 

[0046]1 30-nm design-basis goodwill can compute the Lighting Sub-Division pupil of a wall pattern using the formula 15. This is shown 
in drawing 5 . It is shown that the field where drawing 5 is the most important for image formation is a lateral part of illumination shape 
along a x axis. These lateral parts form an ellipse dipole. In addition to these ellipse dipole elements, the center of the Lighting Sub- 
Division pupil contributes to image formation greatly. As mentioned above, the Lighting Sub-Division pupil can be carried out in a gray 
scale or a binary Lighting Sub-Division profile. 

[0047]According to the equipment to be used, gray-scale Lighting Sub-Division may be possible. Gray-scale Lighting Sub-Division 
means controllable illumination intensity, and the normalization levels from zero to one can be chosen at least about the given portion 
of illumination shape. For example, control of this illumination intensity can be performed using the diffraction optical element (DOE) in 
a lighting system. In this case, for example, illumination shape can be carried out, as shown in drawing 5 . However, as mentioned 
above, a part of partial spike which is computed theoretically and looked at . by drawing 5 is removed, after filtering illumination 
information with a low-pass filter as a result of a projection optical system. Therefore, the spike filtered shall be disregarded when 
designing illumination shape. 

[0048]When using binary illumination shape, only a binary must choose a threshold value as the intensity of a lighting system as the 
foundation for (0 or 1) to assign each point of illumination shape the value of 0 or 1 when possible. For example, when the threshold 
value of 0.8 is chosen, the intensity value of the lighting system exceeding 0.8 is revalued by 1, and less than 0.8 value is omitted by 
0. In a request, it is also possible to apply other threshold values. 

[0049]A gray scale is used for the technique of example 2:2 value, binary illumination shape is designed about the same brick-wall 
separation pattern supposing the maximum circumradius sigma of 0.88, and it is shown in drawing 6 . 

[0050]Subsequently, it compared with the performance for. which the performance of illumination shape in which drawing 6 w as 
optimized was simulated about the binary mask on NA=0.8 and a lambda= 248-nm step and scan lithography device, and annular 
Lighting Sub-Division simulated it In this simulation, since the numerical aperture exceeded 0.7, the vector (thin film) image formation 
resist model was used. In this model, a resist is 400 nm in thickness of the type which has refractive-index n=1.76-j0.01 16, and is on 
66 nm another type which has n=1.45-j0.3 on the polysilicon substance of n=1 .577-j3.588. The result of the lighting system 
(sigma out =0.88) which was annular-illuminated (sigma in =0.58 and sigma out =0.88) and was optimized to drawing 7 and 8 is shown, 
respectively. In drawing 7 and the both sides of 8, the result of the section in the center of an isolation region and a top-down 
simulation result are shown. In these figures, by equalizing the intensity through a resist the Bossung plot B is computed from an 
aerial image threshold value, and the line width Iw obtained as a result is graph-ized to the focus f about the intensity of a threshold 
value. This technique tends to carry out superfluous prediction of DOF as a loss of thickness, and the resist profile's inclination is not 
taken into consideration. Probably, the resist model which computes the loss of thickness at least will be required. In each of a figure, 
the top-down result is drawn as a curve of the solid line in optimal threshold value (optimal dose) that was computed in the Bossung 
plot. The picture of these simulated threshold values is compared with the actual mask data shown in the straight line of a dotted line. 

[0051]1 30-nm design-basis goodwill shows drawing 7 t he simulation result of a wall separation pattern about the binary mask feature 
in NA of 0.8 which used annular Lighting Sub-Division (sigma in =0.58 and sigma out =0.88). This annular setting out has about 0.4- 
micrometer DOF to a -0.4micrometer to 0.0-micrometer focus. Through an omnifocal lens, the contrast of a resist is low and image 
formation can be carried out by the resist of low contrast However, in the contrast of this low strength, a mask error increase factor 
(MEEF) is large, and an exposure latitude (EL) is small. Although the top-down picture in drawing 7 shows that shortening of a line 
end (EOL) is about 20 nm, about a 1 30-nm design basis, this can extend a line slightly and can fix it However, since there is a 
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possibility that the extended line may collide with other features when a design basis continues contracting, extension of a line cannot 
be performed any longer. Therefore, it is desirable to fix EOL with Lighting Sub-Division. 

[0052]At drawing 8 , 1 30-nm design-basis goodwill is illustrating the simulation result about a wall separation pattern about the binary 
mask feature by NA of 0.8 using the optimization binary illumination shape of drawing 6 . The optimal illumination shape has about 0.6- 
micrometer DOF to a -0.45micrometer to +0.1 5-micrometer focus. The illumination shape which optimized the cross section image of 
drawing 8 as compared with the thing of drawing 7 has large contrast through an omnifocal lens compared with annular Lighting Sub- 
Division. This big contrast suggests that MEEF about optimization illumination shape is small compared with annular Lighting Sub- 
Division, and the exposure latitude for optimization illumination shape is large. Another advantage of this optimization illumination 
shape is that the performance of a line end is improved compared with annular Lighting Sub-Division. The top-down picture of 
drawing 8 shows that EOL can be maintained without this optimization illumination shape extending the line on a pattern, and this is 
convenient because of reduction of a bolder design basis. 

[0053]Example 3: the result about drawing 7 and the binary mask (BIM) in 8 was compared with the simulation result about a 
chromium loess mask (CLM). By the known method, the chromium loess brick-wall separation pattern was designed from the 
experimental result of software simulation to the person skilled in the art. Chromium loess technology needs the light of an order (0, 
0) so that sufficient benefit may be received from the improvement of DOF which an axis shifts and is obtained by Lighting Sub- 
Division. The necessity for the light of an order (0, 0) is supported by the experimental result from a simulation. For this reason, 
dithering must be performed to a detached core or it must be considered as half-tone. What is necessary is just to choose the pitch 
of half-tone so that the 1 st order of a direction that performed dithering may not go into a projection pupil. In this example, the pitch 
of lambda/[NA (1+sigma out )] following performed dithering on the line perpendicularly. However, the duty cycle of dithering must be 
adjusted so that the quantity of the light of an order (0, 0) may be optimized for optimal DOF and pattern fidelity. At the simulation 
result for CLM, the half-tone pitch was 155 nm in 50% of duty cycle (77.5-nm chromium island). In this pitch, it is barred mostly that 
an order (0, **1) goes into a projection pupil. However, this duty cycle must be acjusted so that DOF may be made into the maximum 
with a computer-aided-design tool. 

[0054]Example 4: the simulation result about a 130nm design-basis layer was illustrated about CLM of a 155-nm half-tone pitch and a 
50% duty cycle. With NA and annular Lighting Sub-Division (sigma in =0.58 and sigma out =0.88) of 0.8, CLM was exposed with lambda= 
248-nm equipment DOF of CLM of this annular setting out was 0.5 micrometer (from a -0.4-micrometer focus to a +0.1 -micrometer 
focus). CLM of annular Lighting Sub-Division had large DOF compared with BIM of annular Lighting Sub-Division, and contrast was 
excellent through the omnifocal lens. This shows that the performance of CLM was superior to the BIM mask. It was also shown that 
the result of a top-down simulation excels the EOL performance by BIM in the EOL performance by CLM theoretically and that CLM 
was more fully able to specify the landing field of the contact hole compared with BIM. 

[0055]Example 5: the simulation result about a 1 30nm brick-wall separation pattern detached core was illustrated about the lambda= 
248-nm equipment of the optimization ellipse dipole shown in NA and drawing 6 of 0.8. These results were simulated using the same 
reticle as the CLM reticle used in the example before having a 155-nm half-tone pitch and 50% of duty cycle. CLM exposed with this 
optimization illumination shape had 0.7-micrometer DOF (from -0.5micrometer to +0.2 micrometers), and was 40% of improvement 
The Bossung plot showed that parfocal intensity was about 0.21. In addition, in order to acjjust a reticle so that it may become a size 
of exact line width, and also to improve performance, the OPC technique based on a model was able to be applied. What is necessary 
is to perform applying bias and just to make a change of a half-tone duty cycle, for example, in order to amend line width. The top- 
down simulation result showed that CLM could specify the landing field of contact and could maintain the homogeneity of CD. With 
this ellipse illumination shape, the disagreement of the vena contracta and other line width decreased. The CLM reticle can apply bias 
so that DOF may be improved, and as a result, EOL performance should improve it. OPC based on a model should be able to amend 
EOL further. 

[0056]Example 6: about the detached core of the 1 1 0nm design basis, optimization illumination shape was generated by the formulas 
1 3 and 1 5 using the mask pattern of drawing 2. In order to visualize the sampling of the Lighting Sub-Division pupil, J op t-2D is 
illustrated to drawing 9 and y order (xi=n+q) is horizontally shown perpendicularly for x order (eta=m+p). The greatest contribution to 
the 1 10-nm design basis of drawing 1 1 is an order (eta= 0, xi= 0) like drawing 4 about a 1 30-nm design basis. The light of this (0, 0) 
order is harmful to DOF, and as shown in the formula 15, it is removed in J tot . Drawing 9 shows that not an order (**2, 0) (**1. **1) 
but an order serves as the greatest contribution to optimization of illumination shape. This is for the fact that a 1 10-nm design basis 
is too positive, with the 248-nm equipment of NA=0.8. 
In order to attain this resolution, slightly high NA is preferred. 

The order which contributes most in order to specify separation line width is an order (**2, 0). However, the distant place edge of 
illumination shape has an order (**2, 0) (0.8< sigmaO.0), and this shows that enforcement of a 1 10-nm design basis [ in / that sigma 
is 1 / this wavelength ] can be improved. 

[0057]The optimization illumination shape about a 1 1 0-nm brick-wall detached core is shown in drawing 10 using the result of the 
formula 15 and drawing 9 . Drawing 10 shows that the illumination shape field which contributes to image formation most is the central 
small part and distant place edge of illumination shape. To drawing 1 1 a, one possible embodiment of this illumination shape is 
illustrated. In order to print a still more positive design basis using 248-nm equipment and to impose restriction of a projection 
numerical aperture, as shown in drawing 1 1 b, sigma is set to 1.0 and the illumination shape which has a small sector (the ring width of 
sigma is 0.2) is used. 

[0058]The embodiment of this invention includes selection of a critical cell or a specific gate. Subsequently, these critical features 
are processed and it asks for J tot as mentioned above. Depending for illumination shape on a pattern was shown by the section 1 . 
Therefore, when there is no remarkable difference in a pitch about a critical feature, the single illumination shape which optimizes a 
process window can be generated about all the critical features. One example of a circuit which has critical gate g^ , g£, g3, and the 
critical cell cc is shown in drawing 12 . The diffraction order of a critical feature with these tags can be computed, and optimization 
illumination shape can be computed by using the already expressed theory. A process window can be computed and it can compare 
with the process window by other illumination shape, after computing optimization illumination shape. 

[0059]The option which optimizes the interaction of Lighting Sub-Division/pattem is changing a design pattern with a dispersion bar. 
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A dispersion bar closes a pitch from ASIC or the half-continuous function about a logic design. A pitch decreases, after arranging a 
dispersion bar. In simulation software, arranging a dispersion bar by the separation between edge of 0.61 lambda/NA can prove this. 
At drawing 1 3 , the design of drawing 12 is changed by adding two or more dispersion bars. Subsequently, illumination shape can be 
optimized about this changed design. Subsequently, the process window performance of the illumination shape optimized about the 
design which has a dispersion bar can be compared with the process window of the illumination shape optimized without having a 
dispersion bar. Since the design which has a dispersion bar closes a pitch, a dispersion bar and the optimized axis shift and the 
combination with Lighting Sub-Division (OAI) has the greatest possible DOF process window. 

[0060]Another concept for optimizing illumination shape is based on the arrangement of a dispersion bar based on consideration of 
spatial width (SW). A dispersion bar is arranged by OPC based on a rule. Spatial width can prescribe this rule. Using simulation 
software, when it does not have a dispersion bar, the frequency function (pdf) of the spatial width in the case of having a dispersion 
bar should be able to be computed. Subsequently, in consideration of pdf, Lighting Sub-Division can be optimized by changing J 0 pt-2D» 
as shown in the formula 1 6. If it assumes that a vertical line and a level line are infinite, it is also possible to compute the diffraction 
order T (m, n). In the formula 1 7, a diffraction order is computed as a function of m and n. w is line width and tau is a pitch [ in / 
respectively / in intensity trans miss ivity / of a reticle /, P x =SW x +w, and P y =SW y +w / x and a y direction ] here. 
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[006 1]The formula 17 is a procession of four formulas. 

In order of presentation, it is m=n=0, m= 0, n!=0, m!=0, n= 0 and m!=0. and n!=0. 



T (m , n ) ■■ 
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[0062]Since it is suggested that it is not so important as other things, if the optimal illumination shape is computed by pdf, some 
problems will produce some pitches. When it is considered that all the gates are critical in pdf, pdf must be changed with a weighting 
factor. This weighting factor is a function of the pitch called wf (Px). All the critical pitches are treated identically and it must be 
made to be set to wf(Px) and pdf(Px) =1 with this weighting factor. In replacing pdf (Px) in the formula 16 by wKPx) and pdf (Px), this 
weighting factor shall be added to the formula 16. When all the pitches are critical, it is difficult for a weighting factor to generate 
optimization illumination shape, without it not being useful in order to opt for optimization, and changing a design (pattern). 
[0063]One solution to this problem is adding an above-mentioned dispersion bar and changing a design. A dispersion bar is useful to 
make a pitch small about the separated feature. If a dispersion bar is added to a design, the feature separated before once has the 
tendency to act as a feature which crowded. For this reason, a dispersion bar closes a pitch from pdf to continuous still more nearly 
discrete pdf. Drawing 14 is pdf of an example about logic patterns which has the feature which carried out orientation to the y 
direction (namely, the "vertical" direction) when [ which applied the dispersion bar ] not having case and applied. Drawing 14 shows 
vertical gate space width (micrometer) on x (level) axis. In the design D which does not have a dispersion bar and which is not 
changed, pdf has three separate upheaval in 0.2, 0.6, and the spatial width of 1 .5 micrometers. After arranging a dispersion bar, in 
D+SB, a pitch number becomes fewer and most spatial width is in the pitch which is 0.2 micrometer and which crowded. By change of 
this pdf, the probability which can optimize illumination shape becomes high. 

[0064]The overall illumination shape about the design which has the both sides of a horizontal (x axis) and vertical feature is the sum 
of horizontal and vertical illumination shape. When centralizing illumination shape on sigma cx about a vertical feature and making it 

concentrate on sigma cy about a level feature, & ° cx — 1 V2 O cy 2 1 

If it comes out, the optimal illumination shape will be the "conventional" quadrupole illumination shape. In the case of others, analysis 
of this type serves as 4 pole illumination shape rotated 45 degrees as a result. 
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[0065]lt can show here, and 5 Lighting Sub-Division technique can be extended so that aberration may be taken into consideration. 
By including aberration, the operator can determine which portion of illumination shape combines with aberration. A coupling amount 
relates to the sensitivity of the image strength to aberration directly. By understanding this combination, illumination shape may be 
able to be changed so that the aberration sensitivity of a design may be stopped to the minimum. 

[0066]The projection pupil K about the Scala image formation (alpha, beta) contains the exponential function of the wave front with 
which it is expressed by an obliquity factor, being out-oMocus, and the Zernike polynomials. This Scala image formation pupil is 
shown in the formula 1 8. This pupil can be further divided into two portions. That is, it is non-deviating pupil K 0 (alpha, beta) and a 
deviation pupil (exponential function of a wave front), and as shown [ both ] in the formula 1 9, the multiplication of these two portions 
is carried out 



exp 



tUfoc 



SfcO 8) 



underrated* * 



aberrations 
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■p 2 
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[0067] From the formula 22, a wave front can be written as linear approximation. This is shown in the formula 23. By substituting the 
formula 23 for the formula 22, the linear approximation about the projection pupil K (alpha, beta) is computable by the formula 24. 



5£(2 3) 



&(2 4) 

[0068]Since TCC is a function of the projection pupil K (alpha, beta), the linear approximation to the pupil in the formula 24 shows 
that it is possible to express TCC by linear approximation. This is attained by substituting the formula 24 for the formula 1 . The 
formula 25 is obtained by this. By stating two or more and the clause of ** being disregarded again, TCC of the formula 25 can be 
simplified, as shown in the formula 26. 

[0069]The wave front W (alpha, beta) is shown by the sum of a Zernike striped polynomial in most cases, as shown in the formula 21. 
Deployment of Taylor series can express index e x using the linearity theory of aberration. Deployment of Taylor series is effective 
about small x, and by former research, when Z v is less than 0.04 lambda, coincidence good about an aerial image is shown. 

Deployment of the Taylor series about e x is shown in the formula 22. Although it stated two or more and the clause of ** is omitted 
in the formula 22, this is effective when Z v is less than 0.04 (it is 0.04 2 =0.0016 and can ignore). 
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[0070]As shown in the formula 29, the linear function of TCC 0 and TCC V can express TCC by specifying un-deviating TCC of the 
formulas 27 and 28, TCCq (m, n, p, q) and the deviation TCC, and TCC V (m, n, p, q), respectively. 
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[0071]Since TCC can be built as linear approximation as shown in the formula 29, J opt can also be written as linear approximation. 
The linear approximation to J opt is following the methodology about the linear approximation of TCC which described the outline in 
the formulas 18 and 29 using the formula 8 about J opt , and is called for in the formula 30. 



j£<3 0) 



[0072]Subsequently, the formula 30 about J opt can be divided into the sum of non-deviating J optu and deviation J optv as shown in 
the formula 33. The definition of J opt0 and J optv is. shown in the formulas 31 and 32. respectively. 
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J opto ( a > P* m < P' 9) = J * ( a > P) K 0^ 
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[0073]The formula 32 describes the portion of the illumination shape combined with specific aberration. A coupling amount affects 
image strength and is useful for an understanding of the sensitivity of the aberration over Lighting Sub-Division. By combining the 
formulas 31 and 32, J opt can be written as linear approximation. 



a(33) 



[0074]In another mode of this invention, the response to the specific metrics which introduce a weighting factor, for example, contain 
the depth of focus (DOF), a picture log inclination (ILS), a picture inclination (IS), or aberration sensitivity can be maximized or 
minimized. As shown in the formula 34, optimal J tot of the formula 15 can be changed so that these weighting factors may be 



included. 
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[0075]Generally, photoresist reacts in proportion to the logarithm of the luminous intensity which enters into it A feature is printed in 
a resist with higher fidelity as the logarithm of intensity, therefore intensity increases (that is, a resist profile improves and a process 
window improves). Therefore, it is desirable to make strong logarithmic change (ILS) into the maximum. ILS is defined as the formula 
35. 
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[0076]The formula 35 increases further because a strong differential coefficient increases a strong differential coefficient since 
change is quicker than a strong reciprocal. Intensity can be computed from the formula 3 and the differential coefficient of the 
intensity to x is defined in the formula 36. By the differential coefficient to x, as shown in the formula 37, weighting function w x is 
obtained. Similarly, as shown in the formula 38, weighting function w y to y can be defined. 
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[0077]Since a pattern feature and an intensity feature are two dimensions, change of the intensity to a position can be shown using 
the norm of an inclination. The norm of an intensity inclination is defined as the formula 39. By this, we can define the weighting 
function for computing J tot in the formula 34. The formula 40 defines the weighting function for maximizing a picture log inclination. 
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[0078]The formula 40 shows that a weighting function is set to 0, when it is m+p=0 and n+q=0. When it is m+p=0 and n+q=0, these 
orders do not contribute to image modulation at all, but reflect DC contribution to a picture. wj|_s increases as m+p and n+q increase. 
The weighting of the diffraction order clause of an order with this higher is carried out more greatly, and it shows that the 
contribution to ILS becomes large. 

[0079]lf in addition to maximization of ILS ILS is improved and the intensity reaction to a focus is suppressed to the minimum, the 
depth of focus of a process will become large. A focus is explained by the pupil K (alpha, beta). Although the pupil K (alpha, beta) is 
shown in the formula 41, the focus is indicated to be z here. The formula 41 can be divided into the 2nd clause. That is, as shown in 
the formula 42, it is a clause (un-out-of-focus clause) which is independently from the clause (out-oMbcus clause) and z depending 
on z. 
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[0080]By setting the differential coefficient of the intensity to z as zero, change of the intensity by the focus z can be suppressed to 
the minimum. The formula 42 can be substituted for the formulas 1 thru/or 3, and as shown in the formula 43, the cost function f 
(alpha, beta, z) can be defined. This is a cost function of the intensity image formation clause depending on z. 



( mX n nX \„J pX „ qX | 



i(4 3) 



[0081]On the other hand, as for the cost function f (alpha, beta, z), g (alpha, beta, m, n, p, q) is stopped to the minimum, when equal to 
zero (see the following formulas 44). In the formula 44, since the differential coefficient to z is equal to zero only when the clause of a 
size is equal to zero, the phase term is removed. When g (alpha, beta, m, n, p, q) is zero, sensitivity [ as opposed to a focus in the field 
(alpha, beta) of the pupil about a given order (m, n, p, q) ] is the minimum. These are the most desirable fields of a pupil for building 
illumination shape. Weighting function w focus (alpha, beta, m, n, p, q) is defined as the formula 45. This weighting function has the 
sensitivity equal to 1 to a focus in the minimum field, and its sensitivity to a focus is equal to 0 in the No.1 field. Subsequently, by the 
formula 46, the new weighting function which maximizes ILS through an omnifocal lens can be defined, and illumination shape can be 
changed using this. 



http://ww4.ipdl.inpit.gojp/cgi-b^ 4/5/2011 



JP,2002-334836,A pETAILED DESCRIPTION] 



Page 13 of 14 



g(a, J3 t n t n t p t q) = — /(or, fi, z) 



"fie, 0> m > P> 4 ) = 1 ~ W*» A m ' ^> 

w(a, n t p > q)=w lls {m, n, p,q)w jMU , (a, # w, *, p,q) 



P- 



\2 



5t(44) 



it(4 5) 



i£(4 G) 



[G082]According to above-mentioned methodology, strong sensitivity can be stopped to the influence of focal, and aberration to the 
minimum. Since the influence of focal on intensity is suppressed to the minimum, the influence of strong can be suppressed to 
specific aberration to the minimum. This is desirable about a certain pattern in which high sensitivity is proved to specific aberration. 
The projection pupil in the formula 19 can be written as non-deviating clause Kq (alpha, beta) which carried out multiplication by 
deviation clause K a (alpha, beta), as shown in the formula 47. 
K{a.0)=lC o {aj)K.(aj) j£(4 7) 

[0083]The sensitivity of the intensity to specific aberration Zj can be stopped by setting the differential coefficient of the intensity to 
Zj as zero to the minimum. The formula 47 is substituted for the formulas 1 thru/or 3, and by taking a strong differential coefficient, h 
(alpha, beta, m, n, p, q) in the formula 48 stops aberration sensitivity to the minimum, when equal to zero. 
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[0084]It simplifies like the formula 49 and the formula 48 can also be written. In the formula 50, weighting function w ab (alpha, beta, m, 
n, p, q) is defined, this has sensitivity equal to 1 in the field (alpha, beta) of the minimum pupil to Zj, and sensitivity is equal to 0 in the 
No.1 field to Zj. 



j£<50) 



[0085]Subsequently, in the formula 51, the weighting function which stops the ILS sensitivity to specific aberration Zj to the minimum 
can be defined. The ILS sensitivity to specific aberration Zj can be held down to the formula 52 to the minimum, and the weighting 
function which maximizes ILS through an omnifocal lens can also be defined as it The lighting system which has the optimal response 
to given metrics can be computed by the ability to substitute all of these formulas for the formula 34. 

w(a, ft, m, n y p, q) = w NlLS {m % n t p 9 q)^^ (a, fi,m,n,p,q) ^(51) 



*{aj i m i n 1 p i q) = w mu (m,n, p>q)w /0an (a, fi 9 m % n 9 p % q)w Mb {p,fi 9 m,n t p 9 q) ^( 52 ) 

[0086] Drawing 15 is a schematic view of one example of the lithography device used according to this invention. This equipment 
contains a radiation system. A radiation system comprises lamp LA (this should just be taken, for example as an excimer laser), and a 
lighting system. A lighting system can be provided with beam shaping optical system EX, the integrator IN, and condenser CO, for 
example. A radiation system supplies the projection beam PB of radiation. For example, the radiation system can supply ultraviolet 
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rays, deep ultraviolet, or extreme-ultraviolet radiation. Generally the radiation system can also supply radiation of soft X ray or other 
forms. 

[0087]The 1st object table or mask table MT holds mask MA. Mask MA contains pattern space C containing the mask pattern for 
image formation. Since mask table MT is movable to the projection beam PB, it can be irradiated with the portion from which a mask 
differs. In order to judge whether alignment of the mask is appropriately carried out to the substrate or the wafer W, alignment mask 
and M2 are used. 

[0088]Projection system PL projects the projection beam PB on the wafer W. As for the wafer W, including two alignment mask P-\ 
and P2, before these start image formation, alignment of them is carried out to mask Mt and M2. The wafer W is supported by board 
table WT, and in order to expose the portion from which the wafer W differs, it can move this table WT to a projection beam. Thus, 
image formation of the mask pattern C can be carried out on the target part c from which the wafer W differs. In order to make it 
wafer table WT be certainly in a right location to the position of mask table MT, interference position monitor IF is used. 
[0089]Although it related and this invention has been explained to a specific embodiment this invention is not necessarily limited to 
the indicated embodiment and meaning so that various modification and the equal composition which are included in Claims may be 
included conversely will be understood. 
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* NOTICES * 

JPO and INPIT are not responsible for any 
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3.1n the drawings, any words are not translated. 



DESCRIPTION OF DRAWINGS 



[Brief Description of the Drawings] 

[Drawing 1] It is a figure of the mutual transmission coefficient function for the accepted image forming system. 
[Drawing 2] It is one example of the mask feature by the micro lithography of a brick-wall separation pattern. 
[Drawing 3] It is a figure of the diffraction order of the mask feature of drawing 2 . 

[Drawing 4] It is the map of 4-dimensional optimization illumination shape in which it was computed for the mask feature of drawing 2 . 
[Drawing 5] It is the initial gray-scale illumination shape (Jtot^ which it was computed for the mask feature of drawing 2 . 
[Drawing 6] It is binary expression of the illumination shape of drawing 5 . 

[Drawing 7] Analysis of the printed matter of the mask feature of drawing 2 p rinted with annular illumination shape is shown. 
[Drawing 8] Analysis of the printed matter of the mask feature of drawing 2 printed with the optimized ellipse illumination shape is 
shown. 

[Drawing 9] It is the map of 4-dimensional optimization illumination shape in which it was computed for the mask feature of drawing 2 
reduced to a 1 10-nm design basis. 

[Drawing 10] It is the initial gray-scale illumination shape by which it was computed for the mask feature of drawing 2 reduced to a 
1 10-nm design basis. 

[Drawing 11 a] It is binary expression of the illumination shape of drawing 1 0 with which the values of sigma differ. 
[Drawing 11 b] It is binary expression of the illumination shape of drawing 1 0 with which the values of sigma differ. 
[Drawing 1 2] It is one example of the mask pattern in which the critical gate and the cell were shown. 

[Drawing 1 3] In order to reduce the pitch number of a pattern, it is a mask pattern of drawing 1 2 w hich added the auxiliary feature. 
[Drawing 14] The frequency function of the spatial width of drawing 1 2 and the mask pattern of 1 3 is compared, 
[Drawing 1 5] It is a schematic view of the equipment for a micro photolithography. 
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DRAWINGS 



[Drawing 1] 
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[Drawing 9] 
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[Drawing 7] 

f=-0.3pm 

0.4 



f=-0.2pm 



wsm-.m 




0.2 



0.4 



0.6 -0.4 -0.2 0 0.2 
f{pm) 





1=-5.55HB-0.17|jm 


ip 

rife 




f 


=-0Jpm^^ 












f 


=-0.2pm 




http://vww4.ipdl.inpit.go jp/cgi-bin/tran_web_cgi_ejje?atw^ 4/5/2011 



JP,2002-334836,A [DRAWINGS] 



Page 5 of 7 




[Drawing 8] 
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fm%mww-ytzfc-oxiSt8t'-&zw-->?' 
t&xoizm&ti. srn&t •.m&zemt&t:*) 

w&mm&mL. ^--y^mzx^xm 
it:w-yi,zm^xm*-y-coi&mzm-m 

%mmz&^\.rxmm&<^mzn*.m*'tfo . 
gainst ;jia^cj:or«asLfc!P^»ttfcft-3 

[0020] :*^«Sfcffltf>JIMWcJ:*ltf . MRU: 

£ t ; ? y r < t)v ■ 7 < -+*<r>m*-y 
-kzmr}^xwmfcLt3mru 7 << -jvi^i z 

t ; tsS.VWRLlZ?X? ■ 7 < -f-^taftttSb-y 

tizz-oxwRitivzrimzgstt&zt ■, 

too2i] *fmi. mz. iMnm&m+hfc 

[0022] io^«»k:*j v^r . *«wc i s^a$r 
i cm&izmm z t mizwR-ri z t vx-z i 
*k frfrmmtz < <mmm^mm^th zt\t 
wmizmmtii: ? . mm. ztuz. mmm^x 

y. mik^j^iv. nm&^-v v&nm&izm^h 
zbtfx-% h . frfr&mm:m&(vmiiz&^xtt. 

Z<7)tMt,zm& ruf-^^j , t^xaj , ifctt 

[0023] *»ffltov^T. 0K5«rtrlll(0Ki*JJ:^ 
«Ht«HHft#JHLT» JaTCBfctffiW*. 
[0024] 

eommiiz-o^x^&ix. slot. («i«rvx^*» 

S^^A-^-ycog^SrS^Mt^ry 
[0025] WHfSRBl[fc:o^TS+«t»aj"*-6fcA 
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xmz&viswrftmt. ztibo&mn&iizx-ryx 
±&2ti?>w£<7)m'hz. m-ox. r-y^^tx- 
it. mm#x<Dmit. ^-yx-<m^<r>mz^ 

0. 

[00263 yX<ry^mt. mftWWf 

nmitx-it. 4tt7fflsM&m (Tco im%. 
u Tcc<7)&7-vx.$£mm&mgit%h. tc 
cnmsuz-o^xit. mm. BomfciWo i f 

^Principles of Optics 

m) . SS6JK, 5 2 8&UL5 3 2^-x£|&i$$;h. 

X^Z>. Itlit. 3\miz£<0*mizi>$ZtiH>cr>k? 

[00273 TCC\i. m*mt*-X'm%Lt:®&l}-t 

g effi mx-fr h . e i \z . 3 ^<mmh mms 
kixTcc^Tjk-r. ^^zmm-ttk. mi on 

It. WMUk&J, («, /S)£glU Cl^TafeJ:r/ 

%&km*m a r fcis^ti. - 1 tfx-% h . t tz . n 



[ 0 0 2 8 3 (-mA/P.NA, -nA 

/P,NA) fr+^fc-rSSi^tAfc^K (a, 0 ) 

SfiiSti, A/NAOB&TIBl-ffcSirO^ 
T\ K«*€B41. OT'fc*. tffiSOWi:. ftmizm 
lAfc^^-T*^ -Tilli, (pA/P.NA, qA/P y 
NA) £*'l>i: LTUl>. £ft&<9ftl&Z)2o<95ST' 
(±. nu ru p. i3j:^q{iJ3'Jffl<7)[l]^-^-tffli 
U TCCtf±&CO£o%4d$i (4-D) OjST'&S 

Piz£->xmti. y*mm*-y-itnt5zvci 
t,z£~>xmztit. znmmtztMzyL&xifymm 
aTni£x\ m®&%mmz$8zixmm 
%mm&zm*imx'h&ztte. %m%wmMi$ti 

[00293 4-DOJ3»9;5 (nu n. P , q)fcO 
wtOTCCfi. S-ovteXcoHtfSMLX^&m&Z 

ttm:m.<rM.ftx&z>. mmtwrnm-hhtm.^ 
tix\^z><7)x\ w-y<F)7-v^^\mimx-h 
v. rcammx-ht. m%m^?->mm:' 
it. m-tiy < -f+w^-yw?-^?^ 



ff J (aWa+— .3+— V'fo-— -P-— We 



[00303 Tccti, m*f^-— y-i&wm (doc 
m-hzttfx'th. ^zvocamfcth. z.ti 



It. TCC{CA-^-y07- , JX^^Sr*^-fl»; 



DOCC(m, n, p. q) = T(m, n)T ' (- p,-q)TCC[m. n, p,q) 



3t(2) 



[00313 st, v^izm&m&mt. s£3 k 



Z 1 1 1 • 



(»*«)] 



! c L/> J £>OCC(ot./i./3.<?) 



5£<3) 



[00 323 Sls^^ti, mmz&®7 llVftL 

gtu Ltzwm$.iz&^xnwj:m-*-y--it'bme> 
*x't>&. &%tix. Tccttftimsimx'hh. 

at.vsizm^xmiit&zktfX'Zi. &«?>®£iz 
a\^x. %.atifiE(n>mi(r)Jt—y-tf'm:X'hz,. m 

Hi. m\t%<7)m mil i^lE<r>m ttl iX'i,ZR^ (-m 



mX'fomX'. TCCC0±*Z\t. 2m ffl4X +lJ§lt£ 

2 n 0SI + 1 mfi 2 p 0 „ + 1 2 q. ai + 1 X'h 

&<DX'. ■kxw->m*-y-*ft&?h'£mt 

n„ I SnS+n ISI W«tiiS. 
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: flOOt 



NA(l + a 0 ) 
X 



5*(4) 



f ynas =n Ka ^q mat =Jloo: 



{ 



RM4(l + a.) 



5*(5) 



[00 3 3]*li5J:tf2fcS3fcftWSi:. 
■fiat, «#*>J»f£f«.4£i:T. /*7 



LTi5<. 



m * ;> fl 



^ [ P t NA P P,NAP 



P,NA P f NAj 



5t<7) 



[00 34] a fcJctfjSJiftElAfc 
HRJ„ttt* BHWSWW— (m. n. p. q) 



ffl<0£Ttf>3SR(nu n, P> q. a. j8) fc£fH-* 



5£<8) 



[00 3 5] J 0Pt Ji6y5c 

[0036] m+piSj:tfn + qC-3V^Tja3aft*K& 
CltT'. (x, y) £#46.6. m+p = n 



it(9) 



!(8) 002- 



334836 (P2002-%.N36 



-) *»»*>3%2-3H**U *tl*4#jetm(2 knf-fc. ^1 OtJit/l 1 £ I (x, y) {Z^X<&i 

7 = m + p=> p-i}-m ^(1.0) 
? = „ +9 =» 9 = f- fl ^(11) 



—) 3t(12) 



[0037] sU 2T'Ji, J„ t . :D li. SlOfcitfl A^S-fcT'. J 0pt - 2D §:^1 3£i3ft6 J: 3 ta-fi 
l£«oTS»fcSSIW:flL mfcitfrifcoVvtOJ t^*T#, (x. y) 5:, 5U 4fcfcttl> A ?fc 



[00 3 8] H»J ept . ID tt, k. &®m 

.,t-»tt. *H*f*-^-T (m, n) tJ:r>T«*tt 

[0039] 1*J&«W-ytov^r«j»WHWB*tf5 

1 SKScfiofc. vtJiifefcov^T J.pt-Mt'&ff 
U J 0P t- 2 D («, /9, 77 = 0, f = 0) 
fcT**>&ft.*. «15T»i, 77=0*5^^^ = 0^ 
is. S+flttiSMSfiTfc&'f. J 0Pt - 2D («. >9, 77 



opt-2D 



3t(l 4) 



= 0, # = 0) ftftli. ■tfn*):*-4''-*fcttDC#fc 

**. mt&Pi-wmmn&fc.X'iX » dc^w 

[0040] J t . t CJ:*!H"»B«»iDC3K 



[0041] JRBJBW^AtW-yuateSfi**) 

t, xmffiE (opc) ssgM-ikuBra—^-t 

IMP***, ftoT J t .t ttftfcL 
&<0ttft£9 (ftjffiRK (DOF) . (EO 

thmtfb*). ztiumitv7 h<yxriz£~>xft 



3£(1 5) 



OPC7-f-f-+T'(i7jT<. £ft 
[0042]«)mf«cJ tot ll 0$rV>Ll*>«H 

x^xmzttfx'th. mfflt&m* (doe) ca 
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jmi4Ej8.-thz.ttfv* i. yu- ■ xy-mtm 
• x^-Mztimzmft-i ztx\ mmmm.ro yr 

J)UZ0t5±V : lCDA.t l Z%.MthZttf i X'Zh. ZWi, 

mmzmi i ma 1 m o ±trc . mmnm 
#>?>&mz. tiLtfrnfimw-yiizmm ut. 150 

nmW—y$: 1 30nmi>J:tf 1 1 OnmSff^ 

izm^bi. ma®, (nai #o. s^xT^r-ryv 

[0 0 44] 03 1. Z<T)-?X7 ■ 7 4 r-*f-rVm&ft 
(0, 0) ^-^-ifcttDCWftJtC**. Wftfcik 

ts* < ± 2 . o ) jt-y-th o . 

as^^-^-tt ( ± i , ± i ) x-h o , r*«* 

-^-fci ->T D O C C [za ft*M*ft WWbWBfl: 
IhZti^lX^h. 

[0045] mizm&m*-y-imT (m, 

£4. <riiS:El4fc5j*1\ H4*^^*>|, < J:5fc, J 

o t t-2iizm-i*ckm$te. (v=o. f =0) *- 
/--c&a . (o.o) t-y-it. »«t:»w. 

o) £fHB?iJ t.t*£«**4 - fc i*C 

£6. (0. 0) tf-^-fc^JtU^fc, 

(i(7? = ±2, tf-0)B»f*-r--C*0.-iWi, 

-f ^SSSff m&Mi , ( i? - ± 1 , 
f = ±1 ) E*r:t- ^-T**. ( 0 . ± 2 ) 0*f 

y-i±*?*?'\^i)\ iti£*)jz%^*-y-ii. is> 

Xcov = Ot5j;Vg=±2cDffiltlzi$^Xt££1-&. £ 

s. 

[0046] SCI 5£fflWC, l 3 0 n mKft£l*Oft. 

iii^HSK^t. H5ii. mmmzb^xmmm 
%mtemiz®^t:fflm#MmftT3>&zt * 



tilth. ztit><DftPiy>{x-/um%tztutx. mwu 

fc*M>+Gtt. <^-f4. ±E<o«k3 

fc. BfflBlAi:*tt. yv- ■ X7--)V£iZ\±2mm7 

u7< -jvx-mmth z t tfx* h . 

[0047] m^mmmtx . ^w- • x^-ms 

«*«rrr» ****** 4. yv- ■ xy-mmt 

m^nSftla^T . 0*^l*T'^jEffiftU^Sr 
JHiR-f4,ri:a J T#4. Hi If. av&»48$!J!3&K<>D8!l«l 
(4, J^S'-Xf^fcattilBiff**** (DOE) Srffl 
WCff3£i:#T'#4. #Ulf. BgBJ^K 

it.msizTfi-rxdizgm-hzktfx-zh. 

[0048] 2«SPJBBttfcJSv>4*£. fig 
W6»03MEfc2«<0* (0*fcttl ) *«Ttgt'J)S« 
SRfflB«0*^fc 0 Sfctti 1 ^fflSrM 0 ST h t&> 
comtlX, WitWiL<rJtW«rfe«rV\ «i 
tf» 0. 8^SttSrS^L^%^, 0. 85:^^.4.^ 
8B«a*ffl41fcflJ9±tf4)n, 0. 8*ilO««40 

zt^mx'hh. 

1 0 04 9 ] 012 : 2ffi<0#atC^U- • xy-;USrffl 
v^T. 0. 88^S^^Mo$rS^LT, mttlA,W 

mm^-yiz^x2mmmmmt. ®6iz 

[0050] K^X\ H60«iftSnfc!HWBtt^tt 
NA=0. 8fcJ:lXA = 2 48nm£7)^.T-yr • 

ryY-x^^y- vvyyy ^mw±<r>2m^x9\,z 

ififcJtJKLfc. zoi'S.x.i'- isayx-it. mn&tf 
o. 7*«ifco-c, <*bA> mm) mmuitxh ■ 

n=l. 76-jO. 0116) $rl-r&^-frcT)4 0 
0nm^J?$T'S) , 9, n=l. 577-J 3. 588?) 
7tiyisyayW&<O±.0)n=l. 4 5-jO. 3£t-f 
hW(?>9A~r<F>{>f>-n.m<r>±iZhh. 07t5«fcy8fc. 
UttBSBB (o iD = 0. 5 8fc«J:l/c out = 0. 88) 
^^fc«j8^UfcBgBS^a ( <r out = 0.88) cofe* 
Zttiftlvk-t. m7&£V : 8C0M%lzi5^X. 7>tm 
mn^&lz&vmweMSttiZV b »/ ry^y<ni/\ 

ftLtzm.* z i%>vcthzt<,zz.^x. s&mmpb 
77\tfh. zcomit. DOFzmz<7)vxtix& 
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tfcwt. h-vTyTjxommt. Bossungro 
•y h Tjtaj ttii. o ( fta&ssit* ) x<r> 

[00 51] H7(CI4. mm® (a iu = 0. 58fc«fc 
tf<j out = 0. 88)£fflV>£0. 80NA?02ffiV 
7.7 ■ 7 -r-^fcOWf. 1 3 0 nmifcff-gJPcTtfiX 
^fi^^-y^i/SiU-^g^MSSr^-r. Z<0 
WRRJSi. -0. 4jumA>£>0. 0//m3i^^-C\ *U 
0. 4 jumOD OF h<7D3>' h 7* b 

tt. £MAZ®tX<8.<. &ayhyxhOWJxY£ 

x->xw&tiz burst. u>l&#*>. zvim 

&cr>-3>hyXhX'li. iXVWMMTzyT?? (ME 
EF) »B5f-f-jL-K (EL) **/h§V\ 

Sit. H7tc«it*wr^v<oM!lUi, 

( E O L) ammtm 2 0 n mTJ) & Z b IX 
Ztlii. HOnmmmXmitZ-O^XbTMZyj 

>m&Lxmfc$z>zttfX'iz>. l*>l&#£>. k 
vtmimbusMh t.mziteyj yim<ny a - 
^tm^fh^x^h^^x\ 74><m&nh\t*? 
m*imxz\\ tot. mmzi->xEOLim&t 
zzttmtL^. 

[0052] 08T'{2:. 1 3 0 nmmtmmDtU.tfg 

8conax\ m6(^mit2issmmtim^x. 2* 

• 7-f-f-vfcoivt0^LT^£. &S&H3BB 
-0. 4 5jumH+0. 15jumgyii£T\ 
»0. 6jumtf5DOFfc#tS. 08?)8lrffi»fc£[l7 

£9*#=5r:jyb7XHi. »|MBBfcJt^T^MB 
j^RCov>tomeef*s/Jn§ < . M&ttmiBVint: 

i v t %mt & z t % < e o l zm -simx-h h Z b £ 

[0 0 5 3] M3: H7£J:I/8fcfcW6 2ffi-7X? 
(B IM) £OVvtc7)S§3l£. ?n^7V7.? (C 
LM) tOV^T^xSjLU-ya^feSkJtRLfc. i 

H#t=BBJio^rffiT. y 7 b ->xr ■ ^ s * u—> a > 
<nmm%frt>. ^u^xti^mm^-y^Wi 



(o, o) jr-^-oftfci&gfc-rs. 

^frfcOSUWSSfc: J: it, ( 0 . 0 ) *—y-<D%<r) 

•m'&tmmhixh. z^mz. ftmrnizT-tw 
\bicom i <r>^-y~mmv-bMzx^£^i. o mas? 

■Wltfft^. iOWCtt. A/[NA <l + tf eut ) ] 

(0,0) *-y-0>%r)*£Mmteti x o tens l 

&t*h.{f&£>3:V\ C LMW^^x S jl U-is a y& 
ft-Cli. A-7h-y • t>y^-Ji. 5 0%^Ti-T-f 
•WffoX'l 5 5nmTft-?t (7 7. 5nm(0?n 
A ■ T'f 7>K) . Cl£>f "/f-T'Ji. (0. ±1)^- 

[0054]M4: 130nmRIHS*Mit-3V^T«) 
^Sil/- xay^mSr. 1 55nmA-7b-y • f 
-yf-*5ilX5 0%Ti-T-f ^^/POCLMtCO^ 

TH^LJt. o. 8<dn ah xim^mm (a in =0. 

5 8fcJ:tf <J out = 0. 88) tci: 1 ?. A = 248nm 
cr>m.X\ CLM*«3KLfc. i.^KS^OCLM 
(±. DOF#0. 5jtimTJb-5t (-0. 4jum3^S^ 
+ 0 . 1/zmJRuS) . ««5RRBOCLMIi. 3MB 
OBiMtJt^T. dof^<, ^m^^JitTn 

M^x?£<oi>miX^t:Zb*7fii-. hvTWy- 

i/S A W--/ 3 yOfeSll, CLMfcJ:*EOLtt«36» 
fflftWWiB IMCJ:4EOLttlEJ:0t>flfch.TV^4i 
b. *3<tlX. CLMttBIMtJfc^Ta^^h 

;uco5 >r -f y?W.m& *)+ttlzffi£-t&zb 

[00553M5: 13 On milX^g^A^-> 
^(aUBtOV^TCO^SAV-^aV©*^. 0. 8<7)N 
A J: 1X0 6 (CSrffaWHUH^ A = 2 4 8 

nm<7)HS^O^T@^L?t. ZtlW&Skt: . 155 
nmA-7 1 — y ■ br-yf-i3J:I^5 0X«fi-f< • 
W9)Vitthm<7)mXRWzCLM\s1-9)Vbm-- 

JBttTS3tt^CLM{J, 0. 7//m£7)DOF (-0. 
5//m*^ + 0. 2//m) 5:^L. 4 0%(7)K#T'J>o 
Jt. Bossung707Hi ^jKU^IKd^O. 2 
lT*&it?r^LTV^. MLX. ILWsW^Xk^ 
Zb%l£ot l zU1-i>>l>t:$mi. H(c1ttg$re5f#-rs 
feftfc. ^TMzg-KOPC^mZfflS-f&ZbftX' 

Ik. fcWWh-y ra-T-f ■ "^-f 
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zbtfx-%. c d mi-&*imt& z b &zb 
ftStrvvfe. :«IW(:J:-5t. <tmfc«k 

DOF i a 7*£)Wtft Z b tfX 

fc, ^f'McS^KOPCti. EOL*Sgfc«Et*i 
i* J T'#ftti-fT-fcft. 

[00 56]#J6: 1 1 0 nmiftfttBWtfHilto 

y y^*a«flrt-4fcAfc, Jo P t- 2 D £09 £0 

*U xtf-^- (77=m+p) 

r-(S = n + q) **B*mfca^. 130nm|gH- 

«Pt-3V»TWH4i:H«fc, 11 1*51 1 Onmfgff 

smtsttfts**^^ u=o. # = o ) 

•5"C*»C»0s SlSKS^-iatC, J tot fc:fcVvT 
Bfc££ftft. B9H:. (±2, 0 ) *-y--C& 
< ( ± 1 , ± 1 ) MRJ^OfOHfcfcHL 
TJt*0?W.fcfc4£i:fcjj**. CitUU NA=0. 8 
<7) 2 4 8 n mOgSTJi 1 1 0 n mRff-Si&iRffiBW- 

ftfctt, fc-tfWcWVWAjMJiU*. #8fH<g£Si$£ 
t*fcftt«t)»4-f4*-^-li. (±2.0)*- 
f-X-hh. U*»L**»6» (±2. 0 ) tf-^-lis 
!TOEMjt<Oia*»»tft 0 (0. 8<a<l. 0) . £ 
flli. atflTfcftfc, £<0«*fc*tftftl lOnmR 

ff-»wnis^a#^rtgTj> ft ; t St^ltvis. 

[0057] £1 5*Jj:tfH9tf>tiJR*JHvvC. 010 
fc. 110 n mtlLiflmtnMk.'O^X <DMM<M B M 
01OJi. B&®&£Sil5 : ^tftSl f «c 

it^tT^I.. IllaC. Z<WMBB#P)1*M 
Wfc*mtm*WZtl. 24 8nmgS£ffl\,rCS 

fcSffiftWrSBHep^BiaL. suwBPftwwRfciii* 

.fcfcfctt, 01 1 bfcjfj*J:?{c, cr£l. Obi. /Jn 
Svvt?? (ooUy^WiO. 2) £**ftS™« 
fcfflv^ft. 

[0058] *ftQ<9£M0MKIi« ?!)t< rt/Kir-fe/U 

t .t •fe^afi'Cfi. BSPfflB«Jdyv-y 



<-^z^xvv^zmL^mfim\^. ±x<r> 
wzmiktm~?>mmm&&-t& z t 

ft. 01 2K. ^Ur-f^- y-hgi, g 2 . g 3 iJ 
Hf9 Dt^ tfrt' • -fe^c c £3r*ftE]g&£9 1 m** 

m-y-*n&-th z 1 * . ■rcfca^siifc 

ft. *3lft!!ai!B»«*3WJUfctt. rn-tx • »7>f >H 
•^fcJKBU mraHJJ^CtftrD-tr^ • iM >H>> 
fcitlWft ft. 

[0059] m^*f-><mwim*&mthm 
tx-hh. mjt-it. as ictfctif&attsfHco^ 

Tfl¥^l»^tW^Sr?T^ft. «&><-*EL 
• y^h^XTtfeViT. 0. 6 1 A/NAOX-yi'TS 

4HrcK&A-fcB**ft c t x-mm-th z t 

ft. 01 3Ttt, WR^ilSL/'t-MDiftitTHl 2 
O^tf-Sr^SLT^ft. &we. £*>SSgU:Ki|-fco 

v . .^Bj^KS-ss^-r ft i t * s t-# * . awe, » 

il^U^BJ^orD-fex • ^-f yK^fcttlW-ftr 
fc A^'T^ ft . Sta^'- Sr^tftStttt t -y f-SJT^fljft 
t^rt-kti&iLLfcMiiWmi (OA I ) t 

ofi^irtm, fycw^rttDOFrn-fex • yr« 

•/-£#-fft. 

[0060] MTO^Wffig^JUMftftfeA^lOfiii 

(sw> mmzm^fM>*-<7MW. 

lz£li><7)T$>Z>. »SL/N*-tt. ;W-;WtSo'<OPC 
tioTSflK-ft. ^wA—yHi. Siawci-aTae 

-rft^t* 5 T'§ft. i/UV-^gy^^hW^ 

&%&(og.famm$®gem. ( p a f ) ^smt ft- 

t#T§ftte-rC£>ft. *V>T. *16K**J:d(£J 

0P t-2D^s-rft-tt'pdf &#*lt. mum 

tfmmX'h ft b Igfct ft i . DWfsT-^-T ( m , n ) 

z*mt&zbi>*imx'bz. ^uiza^x. m^j: 

^n<7)55^i:tTIlltlf^-^-?rKaitft. ZZX'wli 
^SW.+wfcit/P^SWj+wJi. -e^-P^x^i: 
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' oei-lD 



(a.P.Ti.O = 



J,M *iT I J \dP z dP y pdf(Px)pdf(Pyyr( m , n )T'[- (r, - - „)] 



•/r 



an 6) 



[006 1] sSl 7f4. 4O^<?)fi : 5iJT'S,0. 
JG£> m=n = O,m=0, n*0, m*0. n = 0. 



7 1 (m . n ) = 



(•^(^■)*(-^)(^)-("7r) 



7) 



[0062] -»tf5t-yf-ttf6<Oi<0«J:'fflrC*V^ 
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1 Title of Invention 

ILLUMINATION OPTIMIZATION FOR 
SPECIFIC MASK PATTERNS 

2 Claims 

1 . A method of optimizing an illumination profile for a selected patterning 
means pattern, comprising the steps of: 

defining a transmission cross coefficient function for an optical system including 
an illuminator and the selected patterning means pattern; 

determining relative relevance to imaging of diffraction orders based on the 
selected pattern; and 

calculating an optimized illumination configuration from the transmission cross 
coefficient function, weighting regions of the illumination configuration based on the 
relative relevance to imaging of the diffraction orders. 

2. A method as in claim 1 , wherein the step of determining relative 
relevance to imaging of diffraction orders further comprises the step of: 

determining a characteristic pitch of the selected mask pattern. 

3. A method as in claim 2, further comprising the steps of: 
identifying a critical region of the selected pattern prior to determining the 

characteristic pitch, 

wherein determining the characteristic pitch for the selected pattern is performed 
by determining the characteristic pitch for the critical region. 

4. A method as in claim 3, wherein the step of identifying a critical region 
further comprises identifying a plurality of critical regions and wherein determining the 
characteristic pitch for the critical region includes: 

comparing a pitch of each identified critical region; and 

if the pitch of each identified region is substantially equal, determining the 

characteristic pitch for the critical region to be equal to the characteristic pitch of one of 

the identified regions. 
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5 . A method as in any one of the preceding claims, further comprising 
weighting regions of the illuminator configuration based on a selected optimized metric 
selected from the group consisting of depth of focus, end-of-line, image log slope (1LS), 
image slope (IS), and aberration sensitivity. 

6. A method as in claim 1 or 2, further comprising the steps of: 

identifying a plurality of critical regions; 

determining a pitch of each of the identified critical regions; and 

calculating optimized illumination configurations from the transmission cross 
coefficient function, weighing orders based on relevance to imaging of diffraction 
orders for each critical region, and 

wherein calculating an optimized illumination configuration further comprises 
calculating a composite optimized illumination configuration based on the calculated 
optimized illumination configuration for each critical region. 

7. A method as in any one of the preceding claims, further comprising the 
steps of: 

modifying the selected pattern by optical proximity correction techniques to 
reduce a total number of different pitches in the mask pattern. 

8. A method as in claim 7, wherein the step of modifying the selected 
pattern by optical proximity correction techniques further comprises addition of sub- 
resolution features to the selected mask pattern. 

9. A method as in claim 7, wherein the steps of modifying the selected 
pattern and calculating an optimized illumination configuration steps are iterated. 

1 0. A computer program for optimizing an illumination profile comprising 
program code means that, when executed on a computer system, instruct the computer 
system to carry out the steps of the method of any one of claims 1 to 9. 

11. A device manufacturing method comprising the steps of: 

(a) providing a substrate that is at least partially covered by a layer 
of radiation-sensitive material; 

(b) providing a projection beam of radiation using an illumination system; 

(c) using patterning means to endow the projection beam with a pattern 
in its cross-section; 
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(d) projecting the patterned beam of radiation onto a target portion of the layer of 
radiation-sensitive material, wherein, prior to step (d), the cross-sectional intensity 
distribution in the projection beam produced in step (b) is tailored to the pattern 
employed in step (c) using a method according to any one of claims 1 to 9. 

12. A lithographic projection apparatus comprising : 

- an illumination system for providing a projection beam of radiation; 

- a support structure for supporting patterning means, the patterning 
means serving to pattern the projection beam according to a desired 
pattern ; 

- a substrate table for holding a substrate; 

- a projection system for projecting the patterned beam onto a target 
portion of the substrate, 

wherein the apparatus additionally comprises; 

- calculating means, for defining a transmission cross coefficient function for the 
illuminator and the patterning means, determining relative relevance to imaging of 
diffraction orders based on the pattern produced by the patterning means, and 
calculating an optimized illumination configuration from the transmission cross 
coefficient function, weighing regions of the illumination configuration baaed on the 
relative relevance to imaging of the diffraction orders; and 

- selecting means, for selecting the cross-sectional intensity 
distribution in the projection beam exiting the illumination system in 
accordance with the iltomination configuration calculated by the said 
calculating means. 

13. A method of optimizing a selected mask design comprising: 
identifying critical features of the selected mask design; 

determining an optimized illumination profile based on diffraction orders of the 
critical features; and 

modifying the selected mask design by use of optical proximity correction 
techniques which are selected to reduce a number of pitches present in the selected mask 
design. 

14. A method as in claim 1 1 wherein the optical proximity correction farther 
comprises addition of sub-resolution features selected to modify a continuous 
probability density function of the space width of the selected mask design such that the 
modified probability density function has an increased discretization. 
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15. A method as in claim 13 or 14 wherein said step of determining an 
optimized illumination profile comprises the steps of the method of any one of claims 1 
to 9. 

16. A computer program for optimizing a selected mask design comprising 
program code means that, when executed on a computer, instruct the computer to cany 
out the method of any one of claims 13 to 15. 

$ Detailed Li^iipiion of Invention 

This invention relates generally to a method and apparatus for microlithographic 
imaging. More particularly, it relates to an apparatus and method for optimizing an 
illumination configuration according to the specific pattern being imaged. 
Optical lithography systems are in current use in the manufacture of integrated circuits 
and other fine featured products such as programmable gate arrays. In a most general 
description, a lithography apparatus includes an illumination system which provides a 
projection beam of radiation, a support structure which holds a patterning means, a 
substrate table which holds a substrate, and a projection system (lens) for imaging the 
patterned beam onto a target portion of the substrate. 

The term patterning means should be broadly interpreted as referring to devices 
and structures that can be used to endow an incoming radiation beam with a patterned 
cross-section, corresponding to a pattern that is to be created in a target portion of a 
substrate; the term 'light valve" has also been used in this context. Generally, the 
pattern will correspond to a particular functional layer in a device being created in the 
target portion, such as an integrated circuit or other device. 

One example of such a device is a mask, which is generally held by a (movable) 
mask table. The concept of a mask is well known in lithography, and it includes mask 
types such as binary, alternating phase-shift, and attenuated phase-shift, as well as 
various hybrid mask types. Placement of such a mask in the projection beam causes 
selective transmission (in the case of a transmissive mask) or reflection (in the case of a 
reflective mask) of the radiation impinging on the mask, according to the pattern on the 
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mask. The mask table ensures that the mask can be held at a desired position in the 
incoming projection beam, and that it can be moved relative to the beam if so desired. 

Another example of such a device is a matrix-addressable surfece having a 
viscoelastic control layer and a reflective surface. The basic principle behind such an 
apparatus is that (for example) addressed areas of the reflective surface reflect incident 
light as diffracted light, whereas unaddressed areas reflect incident light as undif&acted 

light. Using an appropriate filter, the said undif&acted light can be filtered out of the 
reflected beam, leaving only the diffracted light behind; in this manner, the beam 
becomes patterned according to the addressing pattern of the matrix-addressable surface. 
An alternative embodiment of a programmable mirror array employs a matrix 
arrangement of tiny mirrors, each of which can be individually tilted about an axis by 
applying a suitable localized electric field, or by employing piezoelectric actuation 
means. Once again, the mirrors are matrix-addressable, such that addressed mirrors will 
reflect an incoming radiation beam in a different direction to unaddressed miirors; in 
this manner, the reflected beam is patterned according to the addressing pattern of the 
matrix-addressable minors. The required matrix addressing can be performed using 
suitable electronic means. In both of the situations described hereabove, the patterning 
means can comprise one or more programmable mirror arrays. More information on 
mirror arrays as here referred, to can be gleaned, for example, from United States Patents 
US 5,296,891 and US 5,523,193, and PCT patent applications WO 98/38597 and WO 
98/33096, which are incorporated herein by reference. In the case of a programmable 
mirror array, the said support structure may be embodied as a frame or table, for 
example, which may be fixed or movable as required. 

Another example is a programmable LCD array, in which case the support 
structure can again be a frame or table, for example. An example of such a construction 
is given in United States Patent US 5,229,872, which is incorporated herein by 
reference. 

For purposes of simplicity, the rest of this text may, at certain locations, 
specifically direct itself to examples involving a mask; however, the general principles 
discussed in such instances should be seen in the broader context of the patterning 
means as hereabove set forth. 
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Hie term projection system encompasses various types of projection systems. 
Though u lens" in a layperson's understanding usually connotes only refractive optics, 
herein this term is used broadly to include catoptric and catadioptric systems, for 
example. The illumination system may also include elements operating according to any 
of these principles for directing, shaping or controlling the projection beam, and such 
elements may also be referred to below, collectively or singularly, as a "lens". 

Additionally, the term ' Vafer table" may be used without implying that the 
substrate receiving the image is a silicon wafer, but may rather indicate a stage suited 
for support of any substrate to be processed by the lithography apparatus. 

Lithographic projection apparatus can be used, for example, in the manufacture 
of integrated circuits (ICs). In such a case, the patterning means may generate a circuit 
pattern corresponding to an individual layer of the IC, and this pattern can be imaged 
onto a target portion (comprising one or more dies) on a substrate (silicon wafer) that 
has been coated with a layer of radiation-sensitive material (resist). In general, a single 
wafer will contain a network of adjacent target portions that are successively irradiated 
via the projection system, one at a time. In current apparatus, employing patterning by a 
mask on a mask table, a distinction can be made between two different types of 
machine. In one type of lithographic projection apparatus, each target portion is 
irradiated by exposing the entire mask pattern onto the target portion at once; such an 
apparatus is commonly referred to as a wafer stepper. In an alternative apparatus — 
commonly referred to as a step-and-scan apparatus — each target portion is irradiated 
by progressively scanning the mask pattern under the projection beam in a given 
reference direction (the "scanning" direction) while synchronously scanning the 
substrate table parallel or anti-parallel to this direction. Since, in general, the projection 
system will have a magnification factor M (generally < 1). the speed V at which the 
substrate table is scanned will be a factor M times that at which the mask table is 
scanned. More information with regard to lithographic devices as here described can be 
gleaned, for example, from US 6,046,792, incorporated herein by reference. 

In a manufacturing process using a lithographic projection apparatus, a pattern 
(e.g. in a mask) is imaged onto a substrate that is at least partially covered by a layer of 
radiation-sensitive material (resist). Prior to this imaging step, the substrate may 
undergo various procedures, such as priming, resist coating and a soft bake. Alter 
exposure, the substraie may be subjected to other procedures, such as a post-exposure 
bake (PEB), development, a hard bake and measurement'inspection of the imaged 
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features. This array of procedures is used as a basis to pattern an individual layer of a 
device, e.g. an IC. Such a patterned layer may then undergo various processes such as 
etching, ion-implantation (doping), metallization, oxidation, chcmo-niechanical 
polishing, etc., all intended to finish off an individual layer. If several layers are 
required, then the whole procedure, or a variant thereof, will have to be repeated for 
each new layer. Eventually, an array of devices will be present on the substrate (wafer), 
These devices are then separated from one another by a technique such as dicing or 
sawing, whence the individual devices can be mounted on a carrier, connected to pins, 
etc. Further information regarding such processes can be obtained, for example, from 
the book 'Microchip Fabrication: A Practical Guide to Semiconductor Processing", 
Third Edition, by Peter van Zant, McGraw Hill Publishing Co., 1997, ISBN 0-07- 
067250-4, incorporated herein by reference. 

For the sake of simplicity, the projection system may hereinafter be referred to 
as the "lens"; however, this term should be broadly interpreted as encompassing various 
types of projection system, including refractive optics, reflective optics, and catadioptric 
systems, for example. The radiation system may also include components operating 
according to any of these design types for directing, shaping or controlling the 
projection beam of radiation, and such components may also be referred to below, 
collectively or singularly, as a "lens". Further, the lithographic apparatus may be of a 
type having two or more substrate tables (and/or two or more mask tables). In such 
"multiple stage" devices the additional tables may be used in parallel, or preparatory 
steps may be carried out on one or more tables while one or more other tables are being 
used for exposures. Dual stage lithographic apparatus are described, for example, in US 
5,969,441 and WO 98/40791, incorporated herein by reference. 

As illumination systems have evolved from producing conventional to annular, 
and on to quadrupole and more complicated illumination configurations, the control 
parameters have concurrently become more numerous, hi a conventional illumination 
pattern, a circular area including the optical axis is illuminated, the only adjustment to 
the pattern being to alter the outer radius (a r ). Annular illumination requires the 
definition of an inner radius (cj in order to define the illuminated ring. For multipole 
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patterns, the number of parameters which can be controlled continues to increase. For 
example in a quadrupole illumination configuration, in addition to the two radii, a pole 
angle a defines the angle subtended by each pole between the selected inner and outer 
radii. 

Concurrently, mask technology has been evolving as well. Binary intensity 
masks have given way to phase-shifted masks and other advanced designs. While a 
binary mask simply transmits, reflects or blocks imaging radiation at a given point, a 
phase-shifted mask may attenuate some radiation or it may transmit or reflect the light 
after imparting a phase shift, or both. Phase-shifted masks have been used in order to 
image features which are on the order of the imaging radiation's wavelength or smaller, 
since diffraction effects at these resolutions can cause poor contrast and end-of-line 
errors, among other problems. 

The various types of illumination configurations can be used to provide 
improvements in resolution, depth of focus, contrast and other characteristics of the 
printed image. However, each illumination type has certain tradeoffs. For example, 
improved contrast may come at the expense of depth of focus; each type of mask has a 
performance which is dependent on the pattern to be imaged as well. 

Conventionally, in order to select the optimum illumination mode for a given 
pattern to be imaged onto a wafer, a series of test wafers has been exposed and 
compared on a hit-or-miss basis. As noted abovc,'modcrn illumination systems have 
ever increasing numbers of variables which can be manipulated. As the various 
permutations of variable settings increase, the cost of trial and error optimization of 
illumination configurations becomes very large and quantitative methods of selecting 
illumination configurations are needed. 

To provide for the above identified needs and others, the present invention 
provides a method of optimizing an illumination profile for a selected patterning means 
pattern, comprising the steps of: 

defining a transmission cross coefficient function for an optical system including 
an illuminator and the selected patterning means pattern; 



(S2))02-334836 (P2 0 0 2-0-S 



detennining relative relevance to imaging of diffraction orders based on the 
selected pattern; and 

calculating an optimized illumination configuration from the transmission cross 
coefficient function, weighting regions of the illumination configuration based on the 
relative relevance to imaging of the diffraction orders. 

According to another aspect of the present invention there is provided a device 
manufacturing method comprising the steps of: 

(a) providing a substrate that is at least partially covered by a layer of radiation- 
sensitive material; 

(b) providing a projection beam of radiation using an illumination system; 

(c) using patterning means to endow the projection beam with a pattern in its 
cross-section; 

(d) projecting the patterned beam of radiation onto a target portion of the layer of 
radiation-sensitive material, wherein, prior to step (d), the cross-sectional intensity 
distribution in the projection beam produced in step (b) is tailored to the pattern 
employed in step (c) using a method as described above. 

According to another aspect of the present invention there is provided a 
lithographic projection apparatus comprising: 

- an illumination system for providing a projection beam of radiation; 

- a support structure for supporting patterning means, the patterning means 
serving to pattern the projection beam according to a desired pattern; 

- a substrate table for holding a substrate; 

- a projection system for projecting the patterned beam onto a target portion of 
the substrate, 

wherein the apparatus additionally comprises: 

- calculating means, for defining a transmission cross coefficient function for the 
illuminator and the desired pattern, determining relative relevance to imaging of 
diffraction orders based on the pattern produced by the patterning means, and 
calculating an optimized illumination configuration from the transmission cross 
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coefficient function, weighing regions of the illumination configuration based on the 
relative relevance to imaging of the diffraction orders; and 

- selecting means, for selecting the cross-sectional intensity distribution in the 
projection beam exiting the illumination system in accordance with the illumination 
configuration calculated by the calculating means. 

According to a yet another aspect of the present invention there is provided a 
method of optimizing a selected mask design comprising: 

identifying critical features of the selected mask design; 

determining an optimized illumination profile based on diffraction orders of the 
critical features; and 

modifying the selected mask design by use of optical proximity correction 
techniques which are selected to reduce a number of pitches present in the selected mask 
design. 

The present invention further pro vides computer programs for carrying out the 
methods described above. 

Although specific reference may be made in this text to the use of the apparatus 
according to the invention in the manufacture of ICs, it should be explicitly understood 
that such an apparatus has many other possible applications. For example, it may be 
employed in the manufacture of integrated optical systems, guidance and detection 
patterns for magnetic domain memories, liquid-crystal display panels, thin-film 
magnetic heads, etc. The skilled artisan will appreciate that, in the context of such 
alternative applications, any use of the terms "reticle", "wafer" or "die" in this text 
should be considered as being replaced by the more general terms "mask", "substrate" 
and "target portion", respectively. 

The present invention will be described further below with reference to 
exemplary embodiments and the accompanying drawings, in which: 

The present invention involves first mathematically modeling the imaging of the 
pattern onto the substrate (e.g. from a mask), taking into account the illumination source 
and the pattern details. 
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There are two primary methods for calculating the aerial image for a finite 
illumination source. These methods are Abbe's formulation and Hopkins's formulation. 
In Abbe's formulation, each point source in the illumination configuration produces a 
plane wave incident onto the pattern, and each of these point sources is imaged onto the 
wafer. Since the source is spatially incoherent, the total intensity at the wafer is the 
summation of the intensity produced by each of these point sources. Therefore, in 
Abbe's formulation, the integration over the illumination configuration is performed 
after the integration over the pattern. 

In Hopkins's formulation, the order of integration is switched, i.e., the 
integration- over the source is performed first. In Hopkins's formulation, a four 
dimensional transmission cross coefficient (TCC) is defined, and the image intensity is 
the inverse Fourier transform of the TCC. A derivation of the TCC is described, for 
example, in Bom and Wolf, Principles of Optics , 6* Ed., pp. 528-532, herein 
incorporated by reference. 

The TCC is the autocorrelation of the projection pupil multiplied by the 
illumination pupil. The TCC is shown in Figure 1 as a set of three overlapping circles. 
From left to right, the first circle represents the illumination pupil J t {a,P) where a and P 
are coordinates of the illumination configuration. For the purposes of the following 
calculations, the radius of J, may be, for example, set to the maximum allowable outer 
a r for the lithography apparatus which will be used for imaging. It is also possible to set 
a r to 1.0 or larger in order to perform feasibility studies and to determine the benefits of 
a larger cr r 

The central circle represents the projection pupil, K(a,P) that is centered at 
(-m/l/P x NA, -nX/PyNA). The coordinate systems are normalized by a factor of UNA so 
that the radius of K is 1.0. The circle on the right likewise represents the projection 
pupil; however, it is centered at (pX/P,NA, qX/r\NA). In these last two expressions, 
m,n,p, and q correspond to discrete diffraction orders and it becomes clear that the TCC 
is a four dimensional (4-D) equation as described above. The diffraction orders in the x- 
direction are represented by m and p and the diffraction orders in the y-direction are 
represented by n and q. Though for puiposes of this description, x and y coordinates are 
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used, one skilled in the art understands that alternate coordinate systems could be used 
with appropriate changes of coordinate systems in the following equations. 

The TCC for a 4-D discrete point (m,n,p,q) is the integral of the shaded area 
where all three circles overlap. Since the structure is assumed to be periodic, the 
Fourier transform of the pattern is discrete and the TCC is discrete. For a continuous 
pattern image, the pitch can be increased until an adjacent feature has no influence on 
the Fourier transform of the pattern of interest. The TCC in Figure 1 is described 
mathematically in Equation 1. 



TCC(m,n,p.q) = 



P r NA 



P y NA t 



K' 



P 9 NA' P 



P y NA J P 



Eqn. 1 



The TCC may be expanded to include the effects of the pattern by defining 
diffraction order cross coefficients (DOCC). The DOCC are defined in Equation 2 
which is derived from the multiplication of the TCC by the Fourier transform 
coefficients of the pattern. 



JX)CC(m i n } p,q) = T(m,ny*(-p J -q)rCC(m,n,p,q) Eqn. 2 

Further, the radiation intensity at the wafer may be calculated by the inverse 
Fourier transform of the DOCC, as shown in Eqn. 3. 



'(^)=ZIII* U ] DOCC(m. n .p,q) Eqn. 3 

m m p q 

The projection optical system acts in part as a low pass filter, which reduces the 
diffraction orders so that only a few of the diffraction orders are important to the 
calculated image intensity. As a result, the TCC is a band limited function. The 
maximum necessary x and y orders can be calculated according to Equations 4 and S 
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respectively. In each case, both the negative and positive orders are necessary, for 
example m extends from negative to positive m^-m^ < m < +m mmtx ). Since 
both negative and positive orders are needed, the size of the TCC is 2m om +l by 21^+1 
by 2p ow +l by 2(^+1. Fortunately, however, because the TCC is band limited, it is not 
necessary to calculate all the pattern diffraction orders. Like in the TCC, only pattern 
diffraction orders -m^^ m < -hn^ in the x direction and orders -n^ < n < +xx ma in the 
y direction are needed. 



Substituting Equations 1 and 2 into Equation 3 gives Equation 6 foT the radiation 
intensity at the wafer. By switching the order of integration, as shown in Equation 7, 
that is, by using Abbe's formulation rather than Hopkins's, the portions of the 
illumination pupil which are most influential on imaging may be determined. Note that 





Eqn. 5 



each of Equations 6 and 7 extends across two lines. 




Eqn. 6 
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, . ^^^^ 4tw1 



Eqn. 7 



Since a and JJ represent illumination pupil coordinates, a new function, may 
be defined. The new function indicates which part of the illumination configuration 
(a,P) is being used for a given diffraction order (mAp,q) and is expressed in Equation 
8. From Equation 8, the image intensity can be calculated by multiplying it by the 
inverse Fourier coefficient (e to ) and summing over all 6 variables (m,n,p,q,a,p) as 
shown in Equation 9. 



Eqn. 8 



$.m,n.p,q) Eqn. 9 



As will be appreciated, is a six dimensional function and it is therefore 
difficult to apply it to the illumination configuration. In order to best determine which 
portions of the illumination configuration are significant to image formation, it is 
desirable to eliminate a few of the six variables. 

The aerial image intensity, l(x,y), is found by taking an inverse transform over 
m+p and n+q. When m+p=n+q=0, there is no modulation in the aerial image intensity. 
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Since one of the goals of illumination optimization is to eliminate parts of the 
illumination configuration that have little or no influence on modulation, those portions 
of the illumination configuration for which m+p = n+q = 0 may be eliminated. In order 
to eliminate these parts and to better visualize the illumination configuration portions 
significant to image formation, a transformation of variables will eliminate two of the 
variables in the six dimensional J opt function (four diffraction orders) and convert it into 
a four dimensional function (two diffraction orders). The four dimensional function is 
called J^d. By substituting Equations 10 and 1 1 into Equation 9 for I(x,y), Equation 
12 may be derived. 



Eqn. 10 



Eqn. 11 



Eqn. 12 

In Equation 12, J opl . 2D can be seen to be the summation of over m and n after 
the transformation of variables according to Equations 10 and 1 1 . By further 
substituting Equation 8 into Equation 12, J^.^ may be expressed as in Equation 13 and 
the intensity, I(x,y), can be written as a function of J OJ- , 20 as in Equation 14. 

ViflfcA^)-' ; iM ^ * f rr{m.n)r m [-{T}-m\~te-n)] Eqn. 13 
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*2/ Jlw .♦a/,. JSsJ J2«4 

'M = JJfa* S I e L '< J e I* J /^(cuP.tvO Eqn. 14 

The function, w h en evaluated, shows those portions of tbe illumination 
configuration that are important for each dif&action order. Since J^.^ is weighted by 
each diffraction order, T(nvi), large dif&action orders will have a greater influence on 
the aerial image. 

A starting point for the best illumination configuration for a particular partem 
may be denoted and is found by summing J opl . 2D over tj and ^ and subtracting 
Jop WD (a,p ,r|=0£=0) as shown in Equation 15. In Equation 15, when rj=0 and £=0 there 
is no modulation in the aerial image and the J op t-2D( a >P> T l = 0>£ ==o ) component represents 
zero order or DC light. Points in the illumination that do not contribute to imaging 
increase the overall amount of DC light. Since the increased DC light causes no 
modulation it is not of great benefit, and moreover it can result in a reduction in depth of 
focus. 

Thus, an illumination configuration in accordance with J tat minimizes the amount 
of DC light and results in an improved process window. The equation J m can be used to 
show which parts of the illuminator are more significant (or less significant) to image 
formation. 

-|V-u>(«.AW>J Eqn. 15 

Since the illumination configuration and pattern are coupled, optical proximity 
correction (OPC) changes influence the diffraction orders, which therefore influences 
J t01 . Consequently, modifications to the starting illumination configuration, J tot , and the 
pattern should be performed a few times using iterations of processing with an OPC 
engine and an illumination engine, as will be understood by one skilled in the art. 



7=-2/i max £=-2/yirox 
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Furthermore, the pattern and illumination configuration also need to be adjusted to 
optimize a particular imaging criteria (depth of focus (DOF), end of line (EOL), 
aberration sensitivity, etc.) which may be performed with optimization software. 
However, since the pattern as a whole, rather than the OPC features, has the largest 
impact on the optimal illumination configuration, J w is the best initial illumination 
configuration to lead to the fastest convergence for optimizing iterations over the 
illumination configuration and pattern. 

The starting illumination configuration, J tot , may be represented by a gray scale 
illumination configuration having continuous values of intensity over a 0 to 1 range. It 
is possible to create such a gray scale illumination configuration with a diffiactive 
optical element (DOE) or by using a quartz plate with dithered chromium plating. If a 
gray scale illumination configuration is not possible or preferred, the illuminator profile 
can be forced to be only 0 and 1 by applying a threshold to the gray scale, in which 
values above the threshold are rounded up to I and values below the threshold are 
rounded down to 0. An arbitrary threshold can be applied, or an optimal threshold may 
be found through simulating the process window, or by repeated test runs. 

Example 1: The technique for calculating outlined above was applied to a 
brick wall isolation pattern. A 150nm pattern was shrunk to 130nm and 1 lOnm design 
rules and imaged with a step and scan lithography system having a numerical aperture 
(NA) of 0.8. The isolation pattern for the 130nm design rule is shown in Figure 2. 

The magnitudes of the diffraction orders of this mask feature are plotted in 
Figure 3. In Figure 3, the largest order is the (0,0) order or the DC background light. 
The orders that contribute the most to imaging are the (£2,0) orders and represent the 
vertical bricks in the brick wall pattern. The other significant order is the (±1,±1) which 
represents the clear areas and defines the end of the isolation pattern. The higher orders 
also help to define two dimensional structures such as the end of each line. Since the 
diffraction orders are not constant, the orders change the weighting coefficients in the 
DOCC, which implies that the mask pattern influences the illumination strategy. 

The diffraction order coefficients T(m,n) in Figure 3 can be substituted into 
Equation 13 to calculate and are plotted in Figure 4. As can be seen from Figure 
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4, the largest contribution to is the CnK^-O) order. The (0,0) order does not 
contribute to imaging and decreases the DOF. As Equation 15 shows, this (0,0) order 
can be subtracted from the total illumination, J tor Not considering the (0,0) order, the 
largest contribution is the (r|=±2,£=0) diffraction order, which represents the formation 
of the isolation lines along the x-direction. Another component that is large and defines 
the end of the isolation lines is the (r]=±l,£=±l) diffraction order. Although the (0+2) 
diffraction order is rather small, higher orders combine in the t|=0 and ^=±2 region of 
the lens. These regions also help to define the end of line. The DOCC approach shows 
how the illumination pupil is sampled for improved image formation and is an effective 
method for understanding imaging of the brick wall isolation pattern. 

Using Equation 15, the illumination pupil of the brick wall pattern for the 130nm 
design rule can be calculated and is shown in Figure 5. Figure 5 shows that the most 
significant areas for image formation are the outer portions of the illumination 
configuration along the x-axis. These outer portions form an elliptical dipolc. In 
addition to these elliptical dipole elements, the center of the illumination pupil has a 
large contribution to image formulation. As noted above, the illumination pupil can be 
implemented in gray scale or binary illumination profiles. 

Depending on the apparatus being used, gray scale illumination may be possible. 
By gray scale illumination is meant controllable illumination intensity for which a 
normalized level ranging from 0 to 1 may be selected for at least given portions of the 
illumination configuration. For example, such control over illumination intensity may 
be produced by use of a difiractive optical element (DOE) in the illumination system. 
In this case, for example, the illumination configuration can be implemented as shown 
in Figure 5. However, some of the local spikes which are calculated in theory and seen 
in Figure 5 will be removed after low pass filtering of the illumination information as a 
result of the projection optics, as discussed above. Therefore, when designing an 
illumination configuration, spikes which will be filtered should be ignored. 

If a binary illumination configuration is used, i.e., only binary values for 
intensity of the illuminator are allowed (0 or 1), a threshold value should be chosen as a 
basis for assigning values of 0 or 1 to each point on the illumination configuration. For 
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example, if a threshold of 0.8 is chosen, illuminator intensity values above 0.8 are 
rounded up to 1 and values below 0.8 are rounded down to 0. Other threshold values 
may be applied as desired. 

Example 2: Using the gray scale to binary approach, a binary illumination 
configuration for the same brick wall isolation pattern was designed assuming a 
maximum outer a of 0.88 and is shown in Figure 6. 

The performance of the optimized illumination configuration in Figure 6 was 
then simulated for binary mask on a step and scan photolithography apparatus having 
NA-0.8 and X=248nm and compared to the simulated performance of annular 
illumination. In the simulation, the vector (thin-film) imaging resist model was used 
since the numerical aperture was above 0.7, In this model, the resist is 400mn thickness 
of a type having a refractive index n=1.76-j0.01 16), over 66nm of another type having 
n=1.45-j0.3 on top of a poly silicon material having n=1.577-j3.588. The results with 
the annular illumination (^=0.58 and of a oul =0.88) and with the optimized illuminator 
(^=0.88) are shown in Figures 7 and 8, respectively. In both Figures 7 and 8, cross 
section results in the middle of the isolation region and top down simulation results are 
shown. In the Figures, the Bossung plot B from aerial image threshold is calculated by 
averaging the intensity through the resist, and the resultant linewidth, lw, is plotted 
versus focus, f, for a threshold intensity. This technique tends to over predict the DOF 
as thickness loss and resist profile slope is not taken into consideration. A resist model 
that at least calculates thickness loss is probably necessary. In each of the figures, the 
top down results are plotted as solid, curved lines at the best threshold (best dose) as 
calculated by the Bossung plot. These simulated threshold images are compared to 
actual mask data shown in dashed, straight lines. 

Simulation results for the 130nm design rule brick wall isolation pattern are 
plotted in Figure 7 for a binary mask feature with NA of 0.8 using annular illumination 
(cV=0.58 and of a ou =0.88). This annular setting has approximately 0.4jim of DOF from 
-0.4j.im to O.Ojirn focus. The contrast of the resist is low through focus, and can be 
imaged with a low contrast resist. However, at this low intensity contrast, the mask 
eiTor enhancement factor (MEEF) is large and the exposure latitude (EL) is small. The 
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top down images in Figure 7 also show that there is approximately 20nm of end of line 
(EOL) shortening, which can be fixed by extending the line slightly for the 130nm 
design rule. However, as the design rule continues to shrink, extending the line is no 
longer feasible as the extended line may conflict with other features. Therefore, it is 
desirable to fix the EOL with the illumination. 

In Figure 8, simulation results for the 130nm design rule brick wall isolation 
pattern are plotted for a binary mask feature with NA of 0.8 and using the optimized 
binary illumination configuration in FIG. 6. The optimal illumination configuration has 
approximately 0.6|im DOF from -0.45nm to +0. 15jjm focus. In comparing the cross 
section images in Figure 8 to those in Figure 7, the optimized illumination configuration 
has a larger contrast through focus as compared to annular illumination. This larger 
contrast implies that the MEEF for the optimized illumination configuration is lower 
compared to annular illumination and that the exposure latitude for the optimized 
illumination configuration is higher. Another benefit of the optimized illumination 
configuration is the improved line end performance as compared to annular 
illumination. The top down images in Figure 8 show that the optimized illumination 
configuration is capable of maintaining the EOL without extending the line on the 
pattern, which is advantageous for more aggressive design rule shrinks. 

Example 3: The results in Figures 7 and 8 for binary mask (BIM) were 
compared to simulation results for chromeless mask (CLM). A chromeless brick wall 
isolation pattern was designed from experimental results of software simulation in a 
manner known to those skilled in the art. The chromeless technology requires (0,0) 
order light so as to fully benefit from the DOF improvement produced by off axis 
illumination. Experimental results from the simulation confirm the need for (0,0) order 
light for which purpose the isolation layer should be dithered or half toned. The half 
tone pitch may be chosen such that the first order in the dithered direction does not fall 
into the projection pupil. In the example, the lines were dithered in the vertical direction 
with pitch less than ^[NACl+o^i)]. The dithering duty cycle however should be tuned 
to optimize the amount of (0,0) order light for best DOF and pattern fidelity. In the 
simulation results for CLM the half tone pitch was 1 55nni with 50% duty cycle (77.5nm 
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chrome islands). This pitch substantially prevented the (0,±1) orders from entering the 
projection pupil; however, this duty cycle should be tuned to maximum DOF with 
computer aided design tools. 

Example 4: Simulation results for the 130nm design rule layer were plotted for 
a CLM with 155nm halftone pitch and 50% duty cycle. The CLM was exposed on a 
X=248nm apparatus with NA of 0.8 and annular illumination (a in =0.58 and a^O.88). 
The CLM with this annular setting had 0.5\nn DOF (-0.4pm focus to +0.1|im focus). 
The CLM with annular illumination had greater DOF and better contrast through focus 
as compared to BIM with annular illumination. This indicates that the CLM performed 
better than the BIM mask. The top down simulation results indicated that the EOL 
performance with CLM is theoretically better than the EOL performance with BIM and 
that the CLM was also able to better define the contact hole landing area as compared to 
BIM. 

Example 5: Simulation results for 130nm brick wall isolation pattern isolation 
layer were plotted for X-248nm apparatus with NA of 0.8 and the optimized elliptical 
dipole shown in Figure 6. These results were simulated with a reticle identical to the 
CLM reticle used in the preceding example, which has a 1 55nm halftone pitch and 50% 
duty cycle. The CLM exposed with this optimized illumination configuration had 
0.7|im DOF (-0.5nm to +0.2|im), an improvement of 40%. The Bossung plots indicated 
that the iso focal intensity was around 0.21 . A model based OPC approach could 
additionally be applied in order to tune the reticle to size at the correct linewidth, 
providing further improvements in performance. The linewidth may be corrected, for 
example, by biasing and by modifying the halftone duty cycle. The top down 
simulation results indicated that CLM was able to define the contact landing region and 
was able to maintain CD uniformity. Necking and other linewidth inconsistencies were 
reduced with this elliptical illumination configuration- Furthermore, the CLM reticle 
could be biased to improve the DOF, and consequently the EOL performance should 
improve. Furthermore, model based OPC should be able to correct the EOL further. 

Example 6: Using the mask pattern of Figure 2 for a 1 lOnm design rule 
isolation layer, an optimized illumination configuration was generated with Equations 
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13 and 15. In order to visualize sampling of the illumination pupil, is plotted in 
Figure 9, showing x orders (r|=m+p) horizontally and y orders (£=n+q) vertically. As in 
Figure 4 for the i 30nm design rule, the largest contribution to 1 lOnm design rule in 
Figure 1 1 is the (t]=0, £,=0) order. This (0,0) order light is detrimental to the DOF and is 
eliminated in J tat as indicated in Equation 15. Figure 9 also shows that the (±1,±1) 
orders are the largest contributors to the illumination configuration optimization rather 
than the (±2,0) order. This is due to the fact that 1 1 Onm design rule is too aggressive for 
the 248nm apparatus with NA=f0.8, as slightly higher NA is preferred to achieve this 
resolution. The orders that contribute most to defining the isolation linewidth are the 
(±2,0) orders. The (±2,0) orders, however, arc at the far edge of the illumination 
configuration (0.8<a<1.0), which indicates that a of 1 may provide improvement to 
implement the 1 lOnm design rule at this wavelength. 

Using Equation 15 and the results in Figure 9, the optimized illumination 
configuration for the 1 1 Onm brick wall isolation layer is shown in Figure 1 0. Figure 10 
shows that the illumination configuration areas that contribute most to image formation 
are a small portion in the center and far edges of the illumination configuration. One 
possible implementation of this illumination configuration is plotted in Figure 1 la. In 
order to use 248nm apparatus to print more aggressive design rules and push the limit of 
the projection numerical aperture, an illumination configuration widi a of 1 .0, as shown 
in Figure lib, and with small sectors (a ring width of 0.2) may be used. 

An implementation of the present invention includes selection of cells or 
particular gates that are critical. These critical features are then processed to determine 
] lQt as described above. In Section 1 , it was shown that the illumination configuration is 
pattern dependent. Therefore, if the pitch does not differ significantly for the critical 
features, it is possible to create a single illumination configuration which optimizes the 
process window for all the critical features. In Figure 12, an example of a circuit with 
critical gates g„ g 2 , g 3 and a critical cell cc is shown. The diffraction orders of these 
tagged critical features can be calculated, and by using the theory already described, the 
optimized illumination configuration can be calculated. After calculating the optimized 
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illumination configuration the process window can be calculated and compared to the 
process window with other illumination configurations. 

Another method of optimizing illuniination/pattem interaction is to modify the 
pattern design with scattering bare. Scattering bars discretize the pitch from a semi- 
continuous function for an ASIC or logic design. After placing scattering bars, there are 
fewer pitches. This can be demonstrated in simulation software by placing the 
scattering bars with an edge-to-edge separation of 0.61 X/NA. In Figure 13, the design 
in Figure 1 2 has been modified by adding a plurality of scattering bars. The 
illumination configuration can then be optimized for the modified design. The process 
window performance of an illumination configuration optimized for a design with 
scattering bars can then be compared to the process window of an illumination 
configuration optimized without scattering bars. Since a design with scattering bars 
discretizes the pitch, the combination of scattering bars with optimized off axis 
illumination (OAJ) will have the largest possible DOF process window. 

Another concept for implementing illumination configuration optimization is 
through the placing of scattering bars based on space width (SW) considerations. A 
scattering bar is placed through rule based OPC which rules may be defined by the 
space width. With simulation software, it should be possible to calculate the probability 
density function (pdf) of the space width without scattering bars and with scattering 
bars. The illumination can than be optimized by considering the pdf by modifying J^ 2D 
as shown in Equation 16. Assuming that the vertical lines and horizontal lines are 
infinite, it is also possible to calculate the diffraction orders T(m,n). In Equation 17, the 
diffraction orders are calculated as a function of m and n where w is the line width, x is 
the intensity transmittance of the reticle, and P,=S W\+w and P y =SW y +w are the pitches 
in the x and y directions, respectively. 
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H a_(,7 ~' n) w'" (f " n) ^) b * li6 

Equation 17 is a matrix of four equations for which, in order of presentation, 
m-n=0; ns*0; n°=0; and rn#) 3 n#). 



r (m f » ) : 



, . . ^ j_. j_j . vrj 



EqiL 17 



Calculating the optimal illumination configuration with the pdf can present some 
problems as it implies that some pitches axe not as important as others. If all the gates in 
the pdf are considered to be critical, the pdf should be modified by a weighting factor. 
This weighting factor is a function of pitch called wflpPx). With this weighting factor, 
all the critical pitches should be treated the same such that wf^PxJ^pdfl^PxJ^l. This 
weighting factor should be added to Equation 16 by replacing pdf(Px) in Equation 16 
with wf(Px)*pdf(Px). In the case that all of the pitches are critical, the weighting factors 
will not help to resolve the optimization and it is difficult to create an optimized 
illumination configuration without modifying the (pattern) design. 

One solution to this problem is to modify the design by adding scattering bars as 
discussed above. Scattering bars help to reduce pitches for isolated features. Once 
scattering bars are added to the design, the previously isolated features tend to act like 
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dense features. Thus, scattering bars discretize the pitch from a continuous pdf to a 
more discrete pdf. Figure 14 is an example pdf for a logic pattern with features oriented 
in the y-direction (i.e. •Vertical" direction) in which scattering bars have and have not 
been applied. Figure 14 shows vertical gate space widths (jjm) on the x (horizontal) 
axis. For the unmodified design, D, without scattering bars, there are three discrete 
humps in the pdf at space widths of 0.2, 0.6 and 1.5nm. After the placement of 
scattering bars, D+SB, the number of pitches has been reduced such that most of the 
space widths are at dense pitches of 0.2pim. With this change to the pdf, it is more 
likely that an illumination configuration can be optimized. 

The total illumination configuration for a design with both horizontal (x- 
direction) and vertical features is the sum of horizontal and vertical illumination 
configurations. If the illumination configuration is concentrated at a a for the vertical 
features and is concentrated at a cy for the horizontal features, the optimal illumination 
configuration will be a "conventional" quadrupole illumination configuration provided 
that J2c a z 1 and that Jic^ £ l . Otherwise, this type of analysis will result in a four 
pole illumination configuration that has been rotated 45° 

The illumination technique presented herein may be extended to account for 
aberrations. Including aberrations allows an operator to determine which part of the 
illumination configuration couples to the aberration. The amount of coupling is directly 
related to sensitivity of the image intensity to the aberration. By understanding this 
coupling, it may be possible to modify the illumination configuration to minimize the 
aberration sensitivity of a design. 

The projection pupil, K(a,P), for scalar imaging contains the obliquity factor, 
defocus, and the exponential of the wavefront represented by the Zeinike polynomials. 
This scalar imaging pupil is shown in Equation 18. This pupil can further be divided 
into two parts, the unaberrated pupil K^P) and the aberrated pupil (the exponential of 
the wavefront); these two parts are multiplied together as shown in Equation 19. 
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Eqn. 18 



imabaraiet' — -- 



aberration 



Eqn. 19 



where 



obiliquiiy- factor 



.In 



defocuj 



Eqn. 20 



K=3 



Eqix 21 



e = ! + * + — + — + = ! + * 
2! 3! 



Eqn. 22 



From Equation 22, the wavefront can be written as a linear approximation, 
which is shown in Equation 23. By substituting Equation 23 into Equation 22, the 
linear approximation for the projection pupil, K(a,p), can be calculated with Equation 
24. 
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Eqn. 24 



Since the TCC is a function of the projection pupil, K(a,(i), the linear 
approximation to the pupil in Equation 24 implies that the TCC can be represented by a 
linear approximation. This is accomplished by substituting Equation 24 into Equation 
1 , which results in Equation 25. Once again by neglecting the teims of power 2 or 
greater, the TCC in Equation 25 can be simplified as shown in Equation 26. 

The wavefront, W(a,P), is most often denoted by the summation of Zemike 
fringe polynomials as shown in Equation 21 . Using the linear theory of aberrations, the 
exponential, e x , can be represented by a Taylor series expansion. The Taylor series 
expansion is valid for small x, and previous work has shown good agreement for aerial 
images when Z v is less than 0.04k. The Taylor series expansion for e* is shown in 
Equation 22. In Equation 22, terms of power 2 or greater have been dropped, which is 
valid provided that Z v is less than 0.04 (0.04 2 =0.0016 and is negligible). 



Eqn. 25 



TCC{m,n, Pi q)= fj J s {a,fi)K 0 



mX a nX | • 
P g NA PyNA j 



P X NA r P y NA 
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By defining the underrated TCC, TCC 0 (m,n,p,q), and the aberrated TCC, 
TCC v (m,n,p,q) s in Equations 27 and 28, respectively, the TCC can be represented by a 
linear function of TCC 0 and TCC V as shown in Equation 29. 



TCC 0 {m >n ,p 9 q)z 



mX „ nX 
P X NA r PyNA j 



P X NA PyNA j H 



Eqn. 27 



TCC v {m % n % M) = If J s («.^o 



mX n nX 
P X NA P y NA 



Eqn. 28 



TCC{m, n, Pi q) s JCC 0 {m.n.p, ?)+ J Z y ^CC^m, n,p,q)+ TCC^- 

Eqn. 29 



v-5 



Since the TCC can be constructed as a linear approximation as shown in 
Equation 29, J op< can also be written as a linear approximation. The linear 
approximation to is derived m Equation 30 by using Equation 8 for and by 
following the methodology for the linear approximation of the TCC as outlined in 
Equations 18 through 29. 



Eqn. 30 



Equation 30 for J opt can then be divided into a summation of the unaberrated 
with the aberrated J^v as shown in Equation 33. The definition of and J^v are 
shown in Equations 31 and 32, respectively. 
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m>l a nX 
P X NA H PyNAj 



Eqn. 31 



J optv («> A m > ». P> ?) = A ( a « ^Ko 



cr +——,/? + 



ar + , tf + 

PjAU PyNA J 



Eqn. 32 



Equation 32 describes the portion of the illumination configuration which 
couples to a particular aberration. The amount of coupling affects the image intensity 
and helps to provide an understanding of aberration sensitivity to illumination. By 
combining Equations 31 and 32, J opt can be written as a linear approximation. 

J , (a t 0, m t n, p, q)=J op ,o (a, A m> n t p % q)+ £ 2 V [/^ v (a, A m, », /?, g)+ 7 *^(a, A-*,-?.-*!,-*)] 

Eqn. 33 



In another aspect of the present invention, weighting factors can be introduced to 
maximize or to minimize a response to a particular metric including, for example, depth 
of focus (DOF) 5 image log slope (ELS), image slope (IS), or aberration sensitivity. The 
optima] J tel of Equation 15 can be modified to include these weighting factors as shown 
in Equation 34. 



In general, photoresists react in proportion to the logarithm of the intensity of the 
light impinging thereon. As the intensity, and therefore the logarithm of the intensity, 
increases, the feature will be printed into the resist with better fidelity (i.e. improved 
resist profile and improved process window). Therefore, it is desirable to maximize the 
logarithmic change in intensity (US). The ILS is defined in Equation 35. 
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ZLSoc = Eqn.35 

dx I dx 

Since the derivative of the intensity changes faster than the inverse of intensity, 
Equation 35 will increase more by increasing the derivative of the intensity. The 
intensity can be calculated from Equation 3 and the derivative of the intensity with 
respect to x is defined in Equation 36. The derivative with respect to x results in the 
weighting function, w x , as shown in Equation 37. Likewise, a weighting function w y 
can be defined with respect to y as shown in Equation 38. 

- zzzz'f (» ♦ ^H'l^W.,,.,) 

= ZZII">^> L " J * l '' l DOCC(m.n.p.q) 

m m p i 

Eqn. 36 



y 



Eqn. 37 
Eqn. 38 



Since pattern features and intensity features are two dimensional, the norm of the 
gradient may be used to indicate the change in intensity with respect to position. The 
norm of the intensity gradient is defined in Equation 39. This allows us to define a 
weighting function to calculate J w in Equation 34. The weighting function to maximize 
the image log slope is defined by Equation 40. 



INI => »w - E i n - 39 



w ILS {m,n,p.q)= 2jr J[^) + 



N2 



Eqn. 40 



(5 4))02-334836 (P2 0 0 2-pEN3 6 



Equation 40 shows that when m+pK) and n+q=0, the weighting function 
becomes 0. When m+-p=0 and n+q=0, these orders contribute nothing to image 
modulation and reflect DC contributions to the image. Furthermore, w^ increases as 
m+p and n+-q increase. This implies that higher order diffraction order terms are more 
highly weighted and contribute more to ILS. 

In addition to maximizing ILS, the depth of focus of the process will increase if 
the ILS is improved such that the intensity response to focus is minimized. The focus is 
accounted for by the pupil K(a,P). The pupil, K(a,P), is shown in Equation 4 1 , where 
focus is denoted z. Equation 41 can be divided into two terms, terms dependant on z 
(the defocus term) and terms independent of z (the non-defocus term), as shown in 
Equation 42. 



y. r 

exp 



«p[-<Y^(a,P) 



ebtliquky- factor 



Eqn. 41 



K(a, fi) = KjpJ^- i yzVl-a 2 -^ 2 



Kcn-dtfocustd s. 



= KAa,ft)K d (<*j) Eqn. 42 



d*f*c 



The variation in intensity due to focus, z, can be minimized by setting the 
derivative of intensity with respect to z to zero. By substituting Equation 42 into 
Equations 1 through 3, a cost function f(cc,p,z) can be defined as shown in Equation 43 
which is the cost function of the intensity imaging terms which depend on z. 



1 tsi\ „ nX „» 
P X NA P y NA ) 



a — 



P S NA 



,ft- 



_qX_ 

P r NA, 



Eqn. 43 



The cost function, f(a f p,z), is in turn minimized when g(a,p,m,n,p,q) equals 
zero (see Equation 44, below). In Equation 44 the phase terms have been removed as 
the derivative with respect to z equals zero only when the magnitude terms equal zero. 
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When g(a,p,niAPiq) is zero, the areas (cc,f$) of the pupil for a given order (m^p.q) are 
minimally sensitive to focus. These are the most desired areas of the pupil for 
constructing the illumination configuration. A weighting function, w te (a,P,xnAPt<Dt 
is defined in Equation 45. This weighting function is equal to 1 for areas least sensitive 
to focus and is equal 0 for areas most sensitive to focus. A new weighting function 
which maximizes ILS through focus can then be defined by Equation 46 and used to 
modify the illumination configuration. 




Eqn. 45 



w(a, ft, m, n, p, g) = (m, n, p 9 ? [a, ft, m, n, p, q) Eqn. 46 



The above methodology allows the sensitivity of the intensity to be minimized to 
the influence of focus, an aberration. Since the impact of focus on intensity can be 
minimized, the impact of intensity can be minimized to a specific aberration. This is 
desirable for certain patterns which demonstrate a high sensitivity to a particular 
aberration. The projection pupil in Equation 19 can be written as an unaberrated term, 
Ko(a,p), multiplied by an aberrated term, K,(a, p) as shown in Equation 47. 

K{a,ft)=K o (a,ft)K 0 (a 9 ft) Eqn. 47 

The sensitivity of the intensity to a particular aberration Z x can be minimized by 
setting the derivative of the intensity with respect to Z, to zero. By substituting 
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Equation 47 into Equations 1 through 3 and taking the derivative of the intensity, the 
aberration sensitivity is minimized when h(ct,p,m } n,p,q) in Equation 48 is equal to zero. 



h(a,0,m,n,p,q) = K c 
d 



mX „ nX 
a + —rr-,P + 



P X NA 



P,HA, 



dZ, 



P X NA 



P,NA; 



„ f mX 0 nX 



P X NA H P y NAj 



-0 



Eqn. 48 



h(a 9 /J t m 9 n 9 p 9 q)* 



P X NA P y NA) ' 



mX n nX 



P r NA PyNA ^ 



0 

Eqn. 49 



Equation 48 may be simplified and written as Equation 49. A weighting 
function w ab (a,p^n,n,p,q) is defined in Equation 50, which equates to 1 for areas (ct,p) 
of the pupil that are least sensitive to Z { and to 0 for areas most sensitive to Zj. 



Eqn. 50 



The weighting function to minimize ILS sensitivity tp a particular aberration, Z*, 
can then be defined in Equation 5 1 . Furthermore, a weighting function to rninimize ILS 
sensitivity to a particular aberration, Z js and to maximize ELS through focus can also be 
defined in Equation 52. Either of these equations can be substituted into Equation 34 to 
calculate the illuminator with the optimal response to a given metric. 



w(a, ft,m,n y p,q) = w NIU [m 9 n, p^)** (a, ft, m, n, p t q) 



Eqn. 51 
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w(a t /?, J*, n, p, q) = (m, />, 9)*^ (a, jh, />, q )w ob (or, p,m,n,p,q) 

Eqn. 52 

Figure 15 is a schematic representation of an example of a lithography apparatus 
for use according to the present invention. The apparatus includes a radiation system. 
The radiation system is made up of a lamp LA (which may be an excimer laser, for 
example) and an illumination system which may comprise beam shaping optics EX an 
integrator IN, and a condenser lens CO, for example. The radiation system supplies a 
projection beam PB of radiation. For example, the radiation system may provide 
ultraviolet, deep ultraviolet or extreme ultraviolet radiation. In general, the radiation 
system may also provide soft x-ray or other forms of radiation. 

A first object table, or mask table MT holds a mask MA. The mask MA 
includes a pattern area C which contains the mask pattern to be imaged. The mask table 
MT is movable relative to the projection beam PB so that different portions of the mask 
may be irradiated. Alignment marks M^d M 2 are used for determining whether the 
mask is properly aligned with the substrate, or wafer, W. 

A projection system PL projects the projection beam PB onto the wafer W. The 
wafer W includes two alignment marks P, and P 2 which are aligned with the marks M x 
and M 2 prior to beginning imaging. The wafer W is supported by a substrate table WT 
which is moveable relative to the projection beam for exposing different parts of the 
wafer W; in this way, the mask pattern C may be imaged onto different target portions c 
of the wafer W. An interferometric position monitor IF is used to insure that the wafer 
table WT is in the conect position relative to the position of the mask table MT. 

While the invention has been described in connection with particular 
embodiments, it is to be understood that the invention is not limited to the disclosed 
embodiments, but on the contrary it is intended to cover various modifications and 
equivalent arrangement included within the scope of the claims which follow. 
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4 Brief Dcsciiptia:! of Drawings 

Figure 1 is . a diagram of the transmission cross coefficient function for a 
generalized image forming system; 

Figure 2 is an example of a brick wall isolation pattern microlithographic mask 

feature; 

Figure 3 is a representation of the diffraction orders of the mask feature of 
Figure 2; 

Figure 4 is a map of the calculated optimized four dimensional illumination 
configuration for the mask feature of Figure 2; 

Figure 5 is a calculated starting gray scale illumination configuration (J tol ) for the 
mask feature of Figure 2; 

Figure 6 is a binary representation of the illumination configuration of Figure 5; 

Figure 7 shows analysis of a print of the mask feature of Figure 2 printed with an 
annular illumination configuration; 

Figure 8 shows analysis of a print of the mask feature of Figure 2 printed with an 
optimized elliptical illumination configuration; 

Figure 9 is a map of the calculated optimized four dimensional illumination 
configuration for the mask feature of Figure 2 scaled to 1 lOnm design rules; 

Figure 10 is a calculated starting gray scale illumination configuration for the 
mask feature of Figure 2 scaled to llOnm design rules; 

Figures 1 1 a and 1 lb are binary representations of the illumination configuration 
of Figure 10 with differing values of cr; 

Figure 12 is an example of a mask pattern with critical gates and cells indicated; 

Figure 13 is the mask pattern of Figure 12 with assist features added to reduce 
the number of pitches in the pattern; 

Figure 14 compares probability density functions of space widths of the mask 
patterns of Figures 12 and 13; and 

Figure 15 is a schematic representation of an apparatus for 
mi crophotoli tho graphy . 

In the various Figures, like parts are identified by like references. 
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Fig.3. 
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Fig.5. 
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Fig.12. 
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Fig. 15. 
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1 Abstract 

A method and apparatus for microlithograpby. The method and apparatus 
include optimizing illumination modes based on characteristics of a specific mask 
partem. The fflumination is optimized by determining an appropriate illumination 
mode based on diffraction orders of the reticle, and the autocorrelation of the 
projection optic. By elimination of parts of the illumination pattern which have no 
influence on modulation, excess DC light can be reduced, thereby improving depth of 
focus. Optimization of mask patterns includes addition of sub-resolution features to 
reduce pitches and discretize the probability density function of the space width. 

2 Representative Drawing ! 

Fig. 1 



